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ABSTRACT 
   
The catalytic chaperone of Rubisco is AAA+ protein Rubisco activase (Rca), which 
hydrolyzes ATP and thus undergoes conformational change, helping in reactivating 
Rubisco. Rca reactivates Rubisco plausibly by removing its C- terminal tail from the 
opening of its active site thus releasing the inhibitor, a sugar phosphate molecule. 
Rubisco and Rca are regulated by the stromal environment, which includes the ATP/ADP 
ratio, Mg
2+
 concentration, redox potential etc. Here the mechanistic regulation of tobacco 
β-Rca was studied using steady state enzyme kinetics in terms of product inhibition, Mg2+ 
activation, cooperativity and asymmetry. A continuous Pi measurement assay was 
developed, and using this assay catalytic parameters were obtained, such as kcat 20.6 ± 6.5 
min
-1 
( n = 9) and KM 0.113 ± 0.033 mM (n = 4). A Mg
2+
 induced increase of substrate 
affinity in Rca was observed, where the KM changes from 0.452 mM to 0.069 mM, with 
the changing of free Mg
2+
 concentration from 0.1 mM to 10 mM. Fitting the catalytic 
efficiency as a function free Mg
2+ 
concentration by use of a binding model gave a Hill 
coefficient of 2.2, which indicates a secondary magnesium binding site on the enzyme. A 
8.4 fold increase of catalytic efficiency with increasing magnesium from 0.1 mM to 6.5 
mM suggests a significant Mg
2+
 induced regulation of Rca. Moderate product inhibition 
was observed in inhibition study (Ki = 0. 063 ± 0.018 mM). A positive cooperativity (nH = 
2.1) in ATP hydrolysis between two subunits was observed in the presence of 0.132 mM 
ADP, but not in the absence of ADP. This indicated the presence of two different classes 
of subunits, suggesting an asymmetric model for the enzyme. Inhibited Rubisco (ER) up 
to 20 μM concentration did not affect ATPase activity, in line with previous reports. The 
concentration dependent correlation of Rca activity (tobacco β-Rca) and oligomerization 
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(cotton β-Rca) suggested that the dimer maybe the most active oligomeric species. A 
nucleotide induced thermal stabilization of Rca was observed, where ADP is more 
stabilizing than ATP in the absence of Mg
2+
. Mg
2+
 has a small destabilizing effect alone 
and in presence of the ADP, but a stabilizing effect in presence of ATP. The ligand 
induced thermal stability was similar for cotton and tobacco β-Rca. 
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CHAPTER 1 
INTRODUCTION 
Photosynthesis: 
The conversion of solar energy to chemical energy, in the form of reduced organic 
compounds is called photosynthesis. This process provides energy for all autotropic 
organisms such as plant, algae, photosynthetic bacteria and also to all heterotropic 
organisms who cannot produce their own food. Photosynthesis produces ATP and 
NADPH in the light reactions that are subsequently used in the dark reactions to form 
carbohydrate from CO2 and H2O. 
The general reaction for oxygenic photosynthesis is 
 
                                               CO2   + H2O      O2 + (CH2O) 
Other groups of autotrophs that cannot tolerate O2 (anaerobs), use inorganic compounds 
such as H2S, as electron donors instead of H2O. 
2H2S +CO2    CH2O + H2O + 2S 
CO2 fixation and Calvin cycle: 
Ribulose-1,5-bisphosphate carboxylase oxygenase, or Rubisco is an enzyme, which 
catalyzes the condensation of an atmospheric CO2 molecule to ribulose-1,5-bisphosphate 
through the Calvin cycle to produce the precursors of hexose biosynthesis. 
 
 
 
 
hν 
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Calvin Cycle 
In first of the three Calvin cycle phases, CO2 attaches to RuBP to make an intermediate 
hexose molecule. This hexose molecule splits into two molecules of 3-phosphoglycerate 
(3PGA). In the next phase ATP and NADPH molecules are used to convert one molecule 
of 3PGA to one molecule of glyceraldehyde-3-phosphate (GA3P)(1), which is the 
precursor of a hexose molecule. In the third phase more ATP molecules are used to 
regenerate RuBP using a few molecules of GA3P, and thus the cycle it maintained. For 
every three CO2 molecules one molecule of GA3P is produced, while the required ATP 
and NADPH molecules are replenished by the light reaction (Fig 1.1). 
 
Figure 1.1. Calvin cycle.  
Source :Boundless. “The Calvin Cycle.” Boundless Biology. Boundless, 12 Jan. 2015. 
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Rubisco catalyzes the first step of the Calvin cycle, where it condenses one molecule of 
CO2 with one molecule of RuBP to make 3 PGA, but it has a very low catalytic turnover 
rate of ~2-3/s. Rubisco (no aquatic plants) has a Km for CO2 in the range of 12-30 μM, 
and KM for RuBP in the range of 10-136 μM, varying from species to species(2). 
Occasionally, Rubisco undergoes a side reaction, where O2 binds to its catalytic site to 
form one molecule each of 3PGA and 2-phosphoglycolate, which needs to go through a 
process called photorespiration to convert into 3PGA (3), which some scientists believe 
to be an energetically wasteful pathway. To compensate for this reduced efficiency, 
Rubisco is expressed at a high level in plant (4). Aside from this photo-respiratory 
pathway, Rubisco is subject to inhibition by several sugar phosphate molecules, including 
its substrate RuBP, when a conserved active site lysine residue is in a non-carbamylated 
state. 
Structure and Formation of Rubisco Holoenzyme 
Rubisco is a large multi-subunit enzyme consisting of two different types protein chains. 
The large subunits are ~ 50 kD in size and encoded by chloroplast genes whereas the 
small subunits are ~12-15 kD, and are encoded by nuclear gene. Rubisco structures from 
Spinach, Tobacco (5) and Chlamydomonas (6) have been solved so far (7). There are 
different forms of Rubisco, where the most predominant form I found in higher plants is a 
hexa-decameric enzyme with eight large and eight small subunits. In one holoenzyme, 
the large subunits form a tetramer of antiparallel dimers that makes a cylindrical shape, 
which is capped on each end by four small subunits (Fig 1.2). A Rubisco holoenzyme 
contains 8 active sites, two active sites per antiparallel dimer. These active sites are 
positioned between the N-terminal domain of one large subunit and the C terminal 
   4 
domain of adjacent subunit in one dimer. Form II consists of only four dimers of large 
subunit, whereas another kind of Rubisco forms from five dimers of large subunits, 
resulting in a decamer (8). 
 
Rubisco Side view                                                               Rubisco Top view 
Figure 1.2: Rubisco holoenzyme from Spinacia olarisea (PDB ID: 1 RCX)(9). Small 
subunits are shown in blue, large subunits are shown in red. (Figure prepared in Pymol) 
 
Activation and Catalysis of Rubisco: 
For its catalytic activity, Rubisco needs to be activated by carbamylation of the ε amino 
group of the conserved active site lysine 201 (numbering according to Rubisco from 
spinach) by a non-substrate CO2. The carbamylated Lys 201 binds Mg
2+
 in its functional 
state (Fig 1.3A). 
   5 
 
Figure 1.3 A. Rubisco in the carbamylated, Mg
2+ 
(red sphere)
 
bound state, and in the 
presence of inhibitor CABP (green). Loop 6 (Blue) and C terminal tail (magenta) are 
mobile elements near the active site (PDB ID: 8RUC) (10).(Figure prepared in Pymol) 
 
 
Figure 1.3 B. Non-carbamylated Rubisco bound to RuBP (green). (PDB ID: 1RCX). 
(Figure prepared in Pymol). 
This Mg
2+ 
ion coordinates to Asp 203, Glu 204 and three water molecules. When RuBP 
binds Rubisco, it replaces two water molecules and binds Mg
2+
 through O2 and O3 (fig 
1.4). Rubisco undergoes a conformational change when it binds a substrate in its active 
site. Loop 6, the carboxy terminal strand, and another loop from the N terminal domain of 
the adjacent large subunit undergo movement. 3D structures show that substrate binding 
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induces loop 6 to slide over the opening of the active site and thus closes the access to the 
solvent (Fig 1. 3A). 
The carboxylation of RuBP requires five steps: such as 1) enolization of RuBP; 2) 
carboxylation/oxygenation; 3) hydration; 4) C2-C3 bond cleavage and 5) stereospecific 
protonation the RuBP C2.  In the enolization, Lys 201 performs the role of the base that 
deprotonates C3(11), (12), (10) and another lysine (Lys 175) donates a proton to the O2 
of the enediolate. The location of Lys 175, as seen in the crystal structures, juxtaposed to 
the carbamylated Lys 201, supports this assumption (13). CO2 displaces the last water 
ligand of Mg
2+
 and adds to the enediol directly resulting in the formation of 3-keto-2`- 
carboxyarabinitol- 1,5- bisphosphate. This is followed by the hydration of C3, where the 
water molecule is proposed to come from the Mg-coordinated H2O (Fig 1. 4). 
   7 
 
Figure 1.4: Catalytic mechanism of Rubisco (14). (Figure used from: Tcherkez, G. 
(2013) Modelling the reaction mechanism of ribulose-1,5-bisphosphate 
carboxylase/oxygenase and consequences for kinetic parameters. Plant, cell & 
environment 36, 1586-1596, with permission from John Wiley and Sons, Page no: 
121) 
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 Once the C6 hydrated intermediate is formed, Lys 175 abstracts the proton from O2, 
formed during enolization, facilitating the cleavage of C2-C3 (15). The final step of this 
reaction is the stereospecific protonation of C2 of upper 3PGA. Structurally, protonated 
Lys 175 is preferably positioned  to donate a proton (9), which is also confirmed by 
experimental evidence (16). The phosphate groups move apart, when the C2-C3 bond 
cleaves; they need to be more than 9.4 Å apart to induce the opening of the active site 
(17). Tight binding inhibitors, which generally resemble the transition state intermediates 
of catalysis, changes the active site conformation, in such a way that it results in  dead 
end inhibition of Rubisco. 
Inhibition of Rubisco  
The activity of Rubisco is modulated by different effectors, such as inorganic phosphates, 
phosphorylated sugars, anions, sulfates etc. The inhibitors formed by catalytic misfiring, 
binds and trap the Rubisco in a dead end inhibited state. Such inhibitors include 
XuBP(18), formed by the incorrect re-protonation of the enediolate; 2-carboxy-D-
arabinitol 1-phosphate (CA1P), a nocturnal inhibitor which is synthesized during 
darkness(19); 3-keto-2`- carboxyarabinitol- 1,5- bisphosphate, which resembles a 
reaction intermediate,  ketoarabinitol-1,5-bisphosphate (KABP), which forms  from an 
intermediate of the oxygenation reaction,  day time inhibitors formed from RuBP, PDBP, 
D-glycero-2,3-pentodiulose-1,5-bisphosphate (20); derivative of PDBP such as 2-
carboxytetritol- 1,4-bisphosphate (CTBP). All these sugar phosphate inhibitors bind to 
carbamylated Rubisco and thus occlude its active site. These inhibitors bind to the active 
site with a high affinity, with KD values in the low micromolar range: XuBP binds with a 
KD of 4.8 ± 0.4 μM and CTBP binds with a KD of 2.3 ± 0.7 μM (Fig 1.5).   Rubisco also 
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gets inhibited by its substrate, RuBP, when it is in the non-carbamylated state (Fig 1.3 B). 
(21) 
                                                   
 
                                                                     
Figure1.5. Sugar phosphate inhibitors of Rubisco. (21)  
Figure used from Parry, M.  A., Keys, A. J., Madgwick, P. J., Carmo-Silva, A. E., and 
Andralojc, P. J. (2008) Rubisco regulation: a role for inhibitors. Journal of experimental 
botany 59, 1569-1580, with rights from Oxford University Press, Page no. 122). 
The inhibition can also be induced by binding effector molecules such as inorganic 
sulfate and phosphate which bind to the latch site, which holds down the C terminus in 
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the closed conformation. The inclination to get inhibited diverges in different Rubisco 
varieties: the fast enzymes are less selective than the slow enzymes. 
Inhibited Rubisco is reactivated by AAA+ protein Rubisco activase, which facilitates the 
release of bound inhibitors.  
P-loop NTPase and AAA+ Protein Family 
Rca belongs to the AAA+ protein superfamily (22), which is part of the superfamily 
called P-loop NTPases. The members of the P-loop NTPases generally hydrolyze the β-γ 
phosphate bond and use this free energy for inducing conformational change, with the 
exception of P – loop kinases which transfer the γ - phosphates to various substrates. The 
members of the P-loop NTPases have a characteristic sequence motif “GXXXGK[ST]” 
called the Walker A motif or P- loop motif, which binds to the  β- γ phosphate group of 
ATP, and the Walker B motif, which binds to the catalytic Mg
2+ 
ion and activates a H2O 
molecule for nucleophilic attack (22). They contain a typical α/β sandwiched structural 
domain, where the parallel beta strands form a central beta sheet, sandwiched between 
alpha helices. The Walker A motif is positioned in a loop between strand 1 and helix 1 of 
the P-loop domain. The Walker B motif contains a conserved aspartate residue or less 
frequent glutamate residue, positioned on the C terminus of a hydrophobic strand. 
There are at-least seven lineages of P-loop NTPases:  RecA and F1/F0 related ATPases, 
nucleic acid dependent ATPases (helicases etc.), AAA+ proteins, apoptotic ATPases, 
ABC ATPases, P-loop containing kinases, and GTPases. (23) 
Structurally, P –loop NTPases can be divided into two major classes, KG division 
(Kinase GTPase division) and ASCE divison (additional strand catalytic E division). As 
the name suggests, the kinases and GTPases belong to the KG division, and have the 
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Walker A motif in an adjacent strand to the Walker B motif, whereas AAA+ proteins, 
helicases, Rec A and ABC ATPases are part of the ASCE division. These have an 
additional strand in their P-loop domain between the Walker A and Walker B strands. 
The ATP hydrolysis of the ASCE division is catalyzed by a glutamate, the residue that 
activates the H2O molecule for nucleophilic attack on the γ-phosphate of ATP (23). 
AAA+ Protein Machines 
AAA+ protein machines couple the energy of ATP binding and hydrolysis to unfold, 
remodel, degrade macromolecules, transport nucleic acids, perform membrane fusion etc. 
(22). In AAA+ protein machineries, the nucleotide binding sites are positioned in the 
junction of two subdomains. This positioning helps nucleotide binding and hydrolysis to 
control the conformational change and activity of the machinery. For example, in the 
Apo, ADP bound or ATP bound state, the domain-domain orientation changes, which 
changes the conformation of each respective subunit (24) (Fig 1.6) 
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Figure 1.6: The HslU active site: The C – domain of the AAA+ domain changes its 
position when bound to different nucleotides (1DO2, 1HQY). Apo: yellow, AMP-PNP 
bound: blue, ADP bound: red. 
 
Although the sequence of each subunit in a hexamer is the same and the folds of the N 
and C terminal AAA+ domains are identical, different classes of subunits arise in 
assemblies. Since the N-domain of one subunit interacts with the nucleotide binding 
pocket of an adjacent subunit, the effect of nucleotide binding in one subunit propagates 
along the ring.  In ClpX, the large AAA+ subdomain interacts with the small subdomain 
of the adjacent counter-clockwise subunit and thus forms a rigid body functional unit (Fig 
1.7B) (25). 
  
Figure 1.7: A. ClpX active site bound to ATP-γ-S. The N-domain (orange) of one 
subunit interacts with the nucleotide binding pocket of adjacent subunit (blue), here the 
nucleotide is shown in magenta.(PDB ID: 4I81), B. For ClpX the small domain of one 
subunit interacts with the large domain of adjacent subunit and thus forms a functional 
rigid body unit (26). (Figure B used from Benjamin M. Stinson, 4 Andrew R. Nager,1,4 
Steven E. Glynn,1,3,4 Karl R. Schmitz,1 Tania A. Baker,1,2 and Robert T. Sauer1,*. 
(2013) Nucleotide Binding and Conformational Switching in the Hexameric Ring of a 
AAA+ Machine. Cell 153, 628-639, with permission from Elsevier, Page no.123) 
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 In crystal structures, AAA+ enzymes often show six-fold symmetry or they are 
asymmetric. As most of their substrates, such as polypeptides and nucleic acids, are also 
asymmetric, the asymmetry in the functional units of AAA+ proteins is understandable. 
In biochemical experiments with ClpX, even at saturating ATP concentration, at-least 
two subunits are nucleotide free (27). Also, in its crystal structure, ClpX rings are 
fundamentally asymmetric. Few AAA+ machines, like HslU (28) and T7 gene 4 ring 
helicase (29), have four nucleotide- bound subunits and two unbound subunits, where the 
nucleotide bound subunits differ in conformation from unbound subunits. However, in 
ClpX, there are also two different nucleotide-bound subunits, one low affinity site and the 
other high affinity. The elucidation of the mechanism of coordination of nucleotide 
binding and hydrolysis, the interaction of nucleotides with different subunits that 
ultimately coordinates the conformational changes of different subunits to perform 
mechanical function, is a difficult task. The subunits of AAA+ machineries can be 
coordinated in a sequential manner, where ATP binding and hydrolysis and 
conformational change will be propagated along the ring in ordered fashion, or in a 
probabilistic manner, where sequential events are not essential. In a sequential model, a 
failed unfolding attempt or ADP binding to one subunit might stall the motor for a long 
time, as in the case of F1-ATPase (30), which functions in a sequential manner, whereas 
ClpX is insensitive to ADP inhibition, therefore ClpX is assumed to function with the 
probabilistic mechanism (26). 
Rubisco activase 
Rubisco activase was discovered in 1982 when it was found that a mutant of Arabidopsis 
thaliana had Rubisco in a non-activated state (31). Later they found that this inactivation 
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was due to the absence of a catalytic chaperone, which was later named Rubisco activase 
(Rca). Rca has a ~300 amino acid long AAA+ domain, with an N terminal α/β domain 
and a C terminal all α helical domain, in line with other AAA+ proteins. At the N 
terminus Rca contains several important conserved residues which are involved in 
interaction with Rubisco, and at the C terminus, a tail of ~23 residues. 
Conserved Residues of Rca AAA+ Domain 
Rca has the characteristic Walker A motif, where Lys 112 is involved in nucleotide 
binding, and the Walker B motif, where Asp 174 helps in nucleotide binding and 
hydrolysis and metal ligand binding. Rca also contains Sensor 1 (conserved Asn226 in 
Rca). 
 
Figure1. 8: Domain organization of Rca.  
Most AAA+ proteins have a conserved arginine, called the arginine finger in box VII that 
is involved in nucleotide hydrolysis in an adjacent subunit in its N terminal domain(32). 
The arginine finger is generally present in the α4 helix of the ASCE. This arginine is 
positioned in such a way that upon oligomerization, it comes close to the γ- phosphate of 
the ATP molecule bound to the neighboring subunit (33). The mutational studies of the 
box VII arginines of the tobacco Rca were performed to evaluate their effect on the 
nucleotide binding, hydrolysis and Rubisco reactivation. The box VII arginines, the 
Arg241 and Arg244 were mutated to alanine, which did not affect the ATP and ADP 
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binding, but it made the protein minimally capable of ATP hydrolysis (more than 90% 
activity loss). Moreover, these mutants could not reactivate Rubisco (34). Unfortunately 
we do not have any crystal structure of nucleotide bound Rca. Therefore, the exact 
interaction between these arginine residues and the bound nucleotide could not be 
observed. A structural alignment is performed to visualize this effect. The AMP-PNP 
bound FtsH ATPase domain (PDB ID 1IY0) was aligned to one of the tobacco Rca 
AAA+ domains in the hexameric model (3ZW6) (Page 22-25).  
Another arginine residue (Arg296 in tobacco Rca) in the Sensor 2 domain interacts with 
the adjacent subunit’s nucleotide and is thought to be responsible for the relative 
arrangement of N and C domains, upon nucleotide hydrolysis (32).  In tobacco Rca the R 
296A mutant showed a diminished ATPase activity and complete loss of the Rubisco 
reactivation activity (34).  
Due to the species specificity of the Rca-Rubisco interaction, reactivation of Rubisco 
from Solanaceae family members like tomato or tobacco can be efficiently performed by 
the Rca of its own family members, whereas it cannot be reactivated by non-Solanaceae 
Rca. Some specific amino acids of Rubisco and Rca are involved in this recognition. A 
chimeric Rubisco activase of tobacco and spinach could activate spinach Rubisco, when 
parts of the C-terminal domain were replaced by the respective spinach sequence, but was 
unable to reactivate tobacco Rubisco (35) . Amino acid substitution to the non-
Solanacaea sequence of residues D316K and L319V in tobacco resulted in the same 
effect. This residues are present in C terminal 4-helix bundle (Helix 9 of tobacco Rca , 
Fig 1.9). 
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Figure 1.9: Tobacco β-Rca AAA+ domain structure of 2.95 Å resolution (PDB ID: 
3T15).  Where Walker A: red, Walker B: Magenta Sensor 1: Blue, Sensor 2: green. It has 
a non-canonical Helix 9 (orange). (Figure prepared in Pymol). 
 
In addition to the AAA+ domain residues, mutagenesis studies have found several 
functionally significant residues in the N and C terminal extensions. This helped to 
identify several key residues for nucleotide binding, hydrolysis and activation of Rubisco. 
When 50 residues of tobacco Rca and 12 residues of spinach were deleted from the N-
terminus, Rubisco reactivation activity was lost but the ATPase activity was retained. 
Further studies identified a conserved tryptophan residue in (Trp16 in tobacco, Trp12 in 
spinach) the N terminal extension which is required for Rubisco reactivation. The C 
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terminal extension in Rca is less conserved throughout different species. The C terminal 
deletion of 19 residues in spinach short form has resulted in a decreased ATPase activity 
and higher Rubisco activation activity (36), (37).  
Rubisco activase Isoforms 
Rca has two different isoforms, the α or large isoform and the β or small isoform. The 
two isoforms are generated by either alternative splicing of a gene (38), as formed in 
most plants like spinach, or encoded by two different genes as in cotton (39). The large 
isoform has a ~30 residue longer C-terminal extension than the small isoform, and this 
extension contains redox sensitive cysteine residues. Therefore the α form is affected by 
the redox state of the chloroplast stroma (40) but the β form does not (41). Although both 
of the isoforms are prone to inhibition by ADP, the longer isoform is inhibited more and 
it is also regulated by the redox potential of the chloroplast stroma via thioredoxin-f (42). 
Regardless of the important implication in regulation, some plants only contain the small 
isoform of Rca, like tobacco. 
Sequence Homology of Rubisco activase 
The AAA+ domain of tobacco β-Rca has a low percentage of sequence identity with 
other AAA+ proteins, such as FtsH (14%) or ClpX(10%), whereas it has high sequence 
identity with Rca from other species. For example, it has 71% sequence identity with 
Chlamydomonas Rca, and 88% sequence identity with cotton β-Rca. 
Crystal Structures and EM Structures of Rubisco activase 
There are only two available crystal structures and one EM structure reported for Rca due 
to the difficulty of crystallization of this protein. The first crystal structure, reported in the 
year 2011,  was of the 99 residue long α-helical C-domain of creosote bush solved to 
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1.88Å (43). The other one was the AAA+ domain (68-360) of tobacco solved to 2.95Å 
resolution (44) (Fig 1.9), in which four flexible loops were not resolved (142-144, 177-
190, 208-218, 235-236). In the crystal lattice, tobacco Rca formed a pseudo-hexameric 
spiral, which is sometimes a crystallization artifact of AAA+ proteins. In order to 
generate a hexameric ring structure, the authors fit the electron density of a tobacco 
module consisting of α helical subdomain of one chain and the α/β subdomain of the 
adjacent chain, to the hexameric ring of D2 of the AAA+ protein p97, which also fit well 
with the toroidal EM image of tobacco Rca mutant R294V. The fit leaves an unfilled 
electron density close to the central pore, which may contain the N terminal 67 residues 
(Fig 1.10).  The generated hexameric model had an outer diameter of 135Å, height of 
56Å and central pore diameter of 36Å.  The diameter of Rca is very similar to that of 
Rubisco, for example the diameter of Chlamydomonas Rubisco is 135 Å (6). The α-β 
subunit of one subunit interacts with the α subdomain of the adjacent subunit in a highly 
conserved interface, and this interaction stabilizes the α-helical subdomain. 
 
Figure 1.10:  The fitting of AAA+ domain electron density on EM image (44). Figure 
used from Stotz, M., Mueller-Cajar, O., Ciniawsky, S., Wendler, P., Hartl, F. U., Bracher, 
A., and Hayer-Hartl, M. (2011) Structure of green-type Rubisco activase from tobacco. 
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Nature structural & molecular biology 18, 1366-1370, with permission from Nature 
Publishing group, Page no: 124) 
 
Although Rca has a characteristic AAA+ topology, it is different from other AAA+ 
proteins by an extended Helix 8, which is followed by a helical insertion (H9) in the C-
domain. The H9 insertion contains Asp316 and Leu319, the residues which are 
responsible for substrate specificity, which signifies the importance of this helix in 
substrate recognition. Interestingly, in the structure of Creosote short form, the Helix 8 
protrusion is different; it is longer and also contains the residues which are involved in 
species specificity (Fig 1.11). Tobacco being a non-Solanaceae plant and creosote being 
a Solanaceae, this difference in the structure might be indicative of their difference in 
specificity or it could be just an artifact of crystallization. 
 
Figure 1.11: Super position of Creosote C terminal α helical domain (LtAα(250-351)) 
on tobacco AAA+ domain (NtAβ(69-360) structure. 
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Catalytically Significant Residues in Tobacco Hexameric Model 
The knowledge of the locations of different catalytically important amino acid residues in 
the tobacco Rca hexameric model will be helpful in evaluating its mechanism in detail. 
Some of them are indicated in Fig 1.12A, B, C and D. 
In figure 1.12A, we aligned the AMP-PNP bound FtsH monomer 1YI0 (shown in cyan) 
to one of the AAA+ subdomains (green) in the tobacco Rca hexameric model. In tobacco 
Rca, the Lys112 of Walker A is indicated in blue, Asp174 in Walker B is shown in 
brown, and the Sensor 2 arginine (Arg296) is shown in dark pink. The alignment 
indicates that the orientation of the Lys 112 (tobacco Rca) is away from the AMP-PNP, 
and at this orientation the distance from the Lys 112 to the β-γ phosphate is 13.7Å. This 
alignment is performed with apo Rca, therefore, the orientation of Walker A lysine in a 
nucleotide bound Rca must be very different. 
 
 
Figure1.12A.The alignment of Rca (green) and FtsH (cyan) AAA+ domain: FtsH is 
bound to AMP-PNP (Magenta). The Walker-A lysine (Lys201) in FtsH is shown in 
yellow. In Rca the Walker-A (Lys112) is shown in blue and Walker-B (Asp174) in 
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brown. The dark grey is the Rca AAA+ N domain of adjacent subunit, where the box VII 
arginine (Arg244) is shown in red. The distance between R244 and β-γ phosphate (mid-
point) of AMP-PNP is 10 Å. R296 of sensor 2 domain of Rca is shown in dark pink (top 
left corner). (PDB ID tobacco Rca: 3ZW6, PDB ID FtsH: 1IY0) 
 
 
 
Figure 1.12 B. In-silico simulation of an alternate Arg244 (tobacco Rca) rotamer 
based on PDB ID 3ZW6. The FtsH backbone is shown in blue, the tobacco Rca 
backbone is represented by lime green. The upper part in the image is the N domain of 
the adjacent subunit. The distance from the Arg244 to the β phosphate is 6Å and that to 
the γ phosphate is 8.9 Å. (PDB ID tobacco Rca: 3ZW6, PDB ID FtsH: 1IY0) 
 
In the alignment, the arginine finger of box VII (Arg244) is 10 Å away from the AMP-
PNP (Fig1.12 A). Using the program Coot (45), we have surveyed all rotamers for 
Arg244 and found that one in particular is closer to the gamma phosphate of the aligned 
FtsH structure than the one present in hexameric ring model of Tobacco Rca (see Fig 
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1.12 B). The distance of the Arg244 rotamer in this simulation is 6 Å from the β  
phosphate and 8.9 Å from the γ phosphate.  
 
Figure 1.12C: The alignment of AAA+ domain of FtsH (bound to AMP-PNP) on 
tobacco Rca hexameric model, to show the position of the adjacent domain. AMP-PNP 
is shown in magenta, arginine finger of adjacent subunit is shown in red, Helix 9 in α 
helical C domain is shown in orange. The amino acid residues involved in substrate 
specificity are present in Helix 9. (PDB ID tobacco Rca: 3ZW6, PDB ID FtsH: 1IY0) 
 
In the tobacco Rca hexameric model the subunit-subunit interaction face between a C 
domain and its adjacent N domain is the same as that in the spiral structure. Therefore, 
even in the spiral form the Arginine finger does not interact with the γ phosphate of the 
nucleotide bound in the active site, in the crystal structure (PDB ID: 3T15). A zoomed 
out image of the Fig 1.12A is shown in 1.12C and 1.12D. 
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Figure 1.12 D. Hexameric model of tobacco Rca, with one subunit aligned to FtsH 
AAA+ domain (cyan). The subunits of tobacco Rca are represented by green, dark grey 
and yellow. The helix 9 is represented in orange. The arginine finger is shown in red, 
Walker A lysine is shown in blue.(PDB ID Tobacco Rca:3ZW6, PDB ID FtsH: 1IY0) 
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Polydispersity of Rca 
Rca belongs to the extended classic clade of AAA+ proteins; the members of this clade 
are known to form hexamers, sometimes in presence of nucleotide and their partner 
proteins. Rca is a poly-disperse enzyme in the test tube. The distribution of species 
depends on the protein concentration, the conditions of the experiment and the type of 
measurement.  For example, in Size-exclusion-HPLC an equilibrium state could not be 
reached in the experimental time frame due to in column dilution resulting in 
disassociation, which is indicated by its broad, asymmetric elution profile indicating co-
elution of different species.  It gives species of different molecular weights ranging from 
58-550 kD (46). DLS experiments show a heterogeneous distribution of species, with 
appearance of larger oligomeric species at a high concentration (47). 
But the assembly mechanism of Rca is not well understood. So far it is believed that the 
assembly mechanism of Rca varies from species to species. Analytical ultracentrifugation 
studies have been performed with wild-type tobacco Rca in the presence of Mg-ADP and 
Mg –ATPγS, a slowly hydrolyzed ATP analog. A heterogeneous mixture of species was 
observed irrespective of the choice of nucleotide (48).  The R294A mutant of tobacco 
Rca forms a closed ring hexamer in presence of ATPγS, observed by both mass-
spectrometry (49) and negative stain EM (44), where the intermolecular salt-bridge 
appears to be broken.  
Spinach α isoform predominantly forms hexameric species in the presence of ATPγS, 
whereas its β form does not (48). Fluorescence correlation spectroscopy (FCS) studies on 
cotton Rca small isoform shows that cotton Rca predominantly forms hexameric species 
in the presence of Mg- ATPγS (50), but Mg-ADP promotes continuous assembly to form 
   25 
a spiral aggregate (51). Mg
2+ 
in excess is also found to have an effect on oligomerization 
of cotton Rca. In the presence of ATP and ADP, excess free Mg
2+ 
promotes formation of 
hexameric species (50). 
Thermal Stability of Rca 
It is possible that the inefficiency of carbon fixation at a higher temperature is connected 
to the thermo-labile nature of Rca. Rca has an optimal temperature similar to the 
temperature of net photosynthesis i.e, 20-35 °C (8). Thermal stability of Rca is found to 
be affected by ligands like ATP, ADP, and Mg
2+
. Recently it was shown that spinach 
large isoform gains thermal stability when it is in the ATPγS bound hexamer state, which 
indicates a correlation between its oligomeric state and thermal stability (52). 
CbbX, a Homolog of Rca 
In the proteobacterium Rhodobacter sphaeroides, a functional homolog of Rca was 
identified, which is also involved in reactivation of inhibited Rubisco by hydrolyzing 
ATP (53). It has less than 10% sequence homology with Rca.  Biochemical studies have 
shown that this enzyme must bind to ATP and RuBP for its activity. The presence of 
Rubisco and RuBP stimulates the ATPase activity of CbbX, indicating a complex 
regulation of CbbX not seen in green type activase thus far. CbbX is also allosterically 
regulated by RuBP, and has a specific pocket for RuBP binding. In the absence of light 
when the amount of RuBP is very low, CbbX assumes an inactive fibrillar form with very 
low ATPase activity, which will avoid excessive ATP consumption. The interaction of 
the C-terminal tail of Rubisco with the central pore of CbbX has been proposed to be 
responsible for the stimulation of ATPase activity, which indicates the C-terminal tail 
might be pulled inside the CbbX central pore transiently leading to the opening of the 
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Rubisco active site. The EM image of CbbX in presence of ATP and RuBP showed a 
closed ring with six fold symmetry. A 3Å crystal structure has also been solved for this 
enzyme (PDB ID: 3SYL) (53). It crystallized with two molecules in the asymmetric unit 
of CbbX. It has canonical AAA+ topology with a unique N terminal extension (8-33) that 
is typical for CbbX, which contains two α helices. The N terminal subdomain of the 
AAA+ domain is quite similar to green type Rca, but in its C-domain, the H9 helical 
insertion is absent in CbbX (53). 
Reactivation of Rubisco by Rca 
Rubisco reactivation involves the remodeling of its C terminal tail by Rca, which helps in 
movement of loop 6 from the opening of the active site pocket, leading to the reactivation 
of Rubisco. The interaction of Rubisco with Rca includes the N- terminal 89-94 residues 
of Rubisco (17) and residues 311-314 of activase (35). The residues involved in 
recognition are located near the outer equatorial position of Rubisco. The actual 
mechanism of Rubisco reactivation is not yet understood, the four fold symmetry of 
Rubisco and six fold symmetry of Rca make it difficult to model. The catalytic chaperone 
of red-type Rubisco is CbbX, which behaves differently from Rca. The paper from Cajar 
et al. (2011) proposes the reactivation of red-type Rubisco by threading of the C tail 
through the pore of CbbX hexamer (53). There are two proposed models of Rubisco 
reactivation. In one, the hexamer would stack on the top and bottom end of Rubisco 
where the axis of four fold symmetry of Rubisco will be aligned with the 6 fold axis of 
Rca, and in the second one, the Rca hexamer interacts with Rubisco in a side-on position, 
where two Rubisco active site and recognition elements interact with the central pore 
residues of Rca (54). But the recent experiments with hybrid Rubisco, where 
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Chlamydomonas small subunit is replaced by tobacco Rubisco, a Chlamydomonas Rca 
could reactivate this chimeric Rubisco as efficiently as it could reactivate a wild type 
Rubisco. Also, the hybrid Rubisco could not be reactivated by tobacco activase, which 
indicated that the small subunits have no involvement in Rca recognition, which supports 
the side-on interaction model (54).  However there is no experimental evidence for a 
threading mechanism of green type Rubisco reactivation. 
 
  
Figure 1.13: The possible models of Rubisco- Rca interaction (54). (Figure used from 
Wachter, R. M., Salvucci, M. E., Carmo-Silva, A. E., Barta, C., Genkov, T., and 
Spreitzer, R. J. (2013) Activation of interspecies-hybrid Rubisco enzymes to assess 
different models for the Rubisco-Rubisco activase interaction. Photosynthesis research 
117, 557-566, with permission from Springer, Page no: 125) 
 
B. Rubisco –Rca interaction  
model , side-on interaction 
A. Rubisco –Rca interaction  
model , top-on  
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CHAPTER 2 
REGULATION OF RUBISCO ACTIVASE: PRODUCT INHIBITION, MAGNESIUM 
ACTIVATION AND SITE ASYMMETRY 
ABSTRACT  
In many photosynthetic organisms, tight-binding Rubisco inhibitors are released by the 
motor protein Rubisco activase (Rca).  Powered by ATP hydrolysis, Rca plays a pivotal 
role in regulating CO2 fixation by Rubisco.  Here, we monitored initial turnover rates of 
tobacco Rca, and used steady-state kinetic models with global curve fitting to extract 
catalytic constants for ATP hydrolysis.  We find that the kcat is best fit by 20.6 ± 6.5 min
-
1
, the Km for ATP by 0.113 ± 0.033 mM, and the Ki for ADP by 0.063 ± 0.018 mM.  The 
data support a model in which competitive product inhibition makes only minor 
contributions to regulation.  With ATP, the Hill coefficient for hydrolysis is extracted to 
be 1.0, indicating non-cooperative behavior of assemblies that harbor only ATP-bound or 
empty sites.  However, the addition of ADP introduces positive cooperativity that 
involves two or more subunits (Hill coefficient 2.1), providing for substantial regulation 
of turnover as a function of the ATP/ADP ratio. The catalytic efficiency increases 8.4-
fold upon cooperative binding of a second magnesium ion (Hill coefficient 2.2), lowering 
the Km for ATP and likely mediating subunit contacts critical in the formation of 
hexameric rings.  In combination, these data are consistent with the coexistence of about 
three conformational states in functional assemblies that may harbor ATP-bound, ADP-
bound and empty sites.  The addition of excess Rubisco (24:1, L8S8:Rca6) and the 
presence of crowding agents do not modify catalytic rates.  Instead, it appears that Rca 
activity is tuned by fluctuating [Mg
2+
] in response to changes in light exposure. 
   29 
INTRODUCTION 
The primary carbon fixing enzyme Rubisco requires the synergistic action of Rubisco 
activase (Rca) to cope with a variety of inhibitory mechanisms.  Some of these are 
regulatory by nature, such as nocturnal inhibition (55) or inhibition of decarbamylated 
Rubisco by its substrate ribulose bisphosphate (RuBP) (56), whereas others appear to be 
intrinsic to turnover in an oxygenic atmosphere (57,58).  Regardless, the release of 
competitive inhibitors is substantially accelerated by the motor protein Rubisco activase 
(Rca), with subsequent degradation of some types of inhibitors by their specific 
phosphatases (59,60).  A comprehensive understanding of all co-regulatory mechanisms 
that either enhance or diminish biological carbon fixation is critical in biological pathway 
engineering to improve plant performance (61,62).   
In higher plants, Rca plays a key role in modulating the level of carbon fixation and 
the rate of photosynthetic induction under changing environmental conditions (63).  With 
the aid of ATP hydrolysis, hexameric ring-like assemblies of Rca are thought to shift the 
conformational equilibrium of Rubisco to favor dissociation of dead-end inhibitors from 
the active sites.  Within the chloroplast stroma, the light-dependent energy charge is 
thought to control the activity of both the shorter β-Rca and the longer α-Rca isoforms 
through the prevailing ATP: ADP ratio (63).  Many plants express Rca in two isoforms.  
The longer α-isoform is distinguished from the β-isoform by the presence of a C-terminal 
30-residue extension that harbors two conserved redox-active cysteine residues regulated 
by the stromal redox poise via the thioredoxin-f system.  The Rca subunit concentration 
in the chloroplast stroma has been estimated to be 7 to 21 mg/ml (160 to 480 μM) (64), 
whereas the Rubisco holoenzyme concentration has been estimated to be ~ 500 μM.  
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These values suggest a ratio of one Rca hexamer per 10 Rubisco holoenzymes, crowded 
together in an environment where ~ 3% of all stromal proteins consist of Rca and ~ 40% 
of Rubisco.   
Multi-Subunit Assemblies of Rca 
 Rca is a member of the AAA+ superfamily of P-loop ATPases(22,65).  Frequently, 
proper assembly of AAA+ proteins requires nucleotide binding (24,66-68), and some 
members utilize their partner proteins as assembly scaffolds (69).  Although AAA+ 
hexameric arrangements appear to be most common (68,70-73), there do appear to be 
some exceptions to this general rule (74-76).  Although higher plant Rca preparations are 
known to be highly polydisperse, we have recently demonstrated that for cotton (Gh) β-
Rca, hexamer formation may be maximized around 30 μM (51), with close to 80% of 
subunits in the hexameric state in the presence of ATPγS and high magnesium ion 
concentrations(50).  These data support the notion that in the chloroplast stroma, Rca is 
always fully assembled to a hexameric or higher-order form.  Recently, it has become 
clear that Rca proteins derived from different higher plant species differ substantially in 
their in vitro assembly mechanism.  Utilizing velocity sedimentation experiments, 
tobacco β-Rca was shown to exhibit a high degree of size polydispersity over the entire 
concentration range tested (77).  Assembly appeared to be nucleotide-independent, and a 
subunit concentration of 0.2 mg/ml (5 μM) or higher provided a weight-averaged 
sedimentation coefficient expected for a hexamer (48).  However, the stable formation of 
a hexamer could only be demonstrated for the tobacco β-Rca-R294A mutant in the 
presence of ATPγS (adenosine 5'-O-[γ-thio]triphosphate) a variant (44,49)that provided 
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images of closed-ring hexamers by cryo-electron microscopy in the presence of Mg·ATP 
or Mg·ATPγS (44). 
Some years ago, spinach α-Rca·ATPγS·Mg was shown to exhibit substantially 
elevated thermal stability (78).  This complex was recently reported to form obligate 
hexamers in vitro (48), in stark contrast to spinach β-Rca, a variant that appeared to 
exhibit a high degree of size heterogeneity with continued aggregation beyond the 
hexameric state, even in the presence of ATPγS·Mg  (48).  This behavior seems more 
akin to that reported for other higher plant Rca proteins such as creosote, tobacco and 
Arabidopsis (79,80). 
Structural Organization of Rca Subunits and Relationship to the AAA+ 
Superfamily 
 The 200-250 residue AAA+ module contains an ATP-binding cassette with an N-
terminal domain harboring the Walker A and B motifs.  The C-terminal domain is 
connected by a linker, such that a nucleotide-binding pocket is formed that allows for 
interactions with adjacent subunits.  Oligomerization allows a conserved Arg of the N-
domain (“Arg finger”) to contact the ATP γ-phosphate bound to the adjacent subunit 
(32).  In this way, conformational adjustments are thought to be communicated between 
subunits in step with catalytic cycles of ATP binding, hydrolysis and ADP release.  If the 
system is loaded with the corresponding macromolecule, mechanical work may lead to 
structural remodeling of the substrate.   
Currently, X-ray structures are available for bacterial Rca (53) and for higher plant 
Rca from two different species.  The 1.9 Å resolution creosote bush substrate recognition 
domain (43) indicates a helical bundle that forms the core of the AAA+ C-domain, 
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whereas the 2.9 Å resolution structure of the nucleotide-free AAA+ module of tobacco 
Rca forms a hexameric spiral in the crystal (44).  Structural information of the N-and C-
terminal extensions to the Rca AAA+ domain is not yet available.     
ATPase Activity and Rubisco Reactivation Models 
  Rca has been shown to be capable of hydrolyzing ATP both in the presence and in the 
absence of Rubisco, and the addition of small amounts of Rubisco to the reaction mixture 
has been demonstrated to have no effect on the observed hydrolytic rate (44,64,81).  For 
recombinantly produced tobacco Rca, turnover rates were reported to range from 45 to 60 
min
-1
 at 2 mM and 2.5 mM ATP respectively (42,44).  For other species, reported rates 
were 30.4 min
-1
 for spinach β-Rca at 2 mM ATP (78), 17.4 min-1 for cotton β-Rca at 4 
mM ATP (82), and 23.9 and 32.6  min
-1
 for Arabidopsis β-Rca at 2 and 4 mM ATP with 
different assay types (83).  Utilizing fluorescence quenching of the protein-binding dye 
ANS, Kd values of 0.57 μM and 5.9 μM were reported for ADP·Mg and ATP·Mg 
respectively (84).  ADP inhibition was demonstrated on Arabidopsis β-Rca by use of a 4-
min end point assay, demonstrating that the enzyme turned over 45.6 min
-1
 in the absence 
of ADP, 25.2 min
-1
 at a molar ratio of ADP/ATP equal to 1/3, and 7.8 min
-1
 at a molar 
ratio of ADP/ATP equal to 1 (85).  Similarly, the ATPase activity of short-form spinach 
and cotton Rca was demonstrated to be 20% of maximum at an ADP/ATP = 1/3 (82).  In 
the same work, the cotton ATPase activity was measured as a function of Rca 
concentration up to 1.8 μM protein (= 0.080 mg/ml),  indicating a relatively steady 
increase in hydrolytic rate up to 13 turnovers min
-1
 (82).  Typically, published kinetic 
constants were estimated at or below 0.10 mg/ml (= 2.3 μM subunits) Rca concentration.  
   33 
Although several Rca - Rubisco binding geometries have been proposed (54), the 
actual mechanisms of recognition, interaction, and activation of Rubisco by Rca remain 
unknown.  It is tempting to speculate that the sequestration of less ordered Rubisco 
segments by the central pore of Rca hexameric toroids plays a role, as has been 
demonstrated for a number of AAA+ assemblies such as FtsH  (86), PAN  (87), ClpX 
(88), Cdc48 (89) and ClpA/B (68).  A mutational analysis of tobacco β-Rca pore loop 
residues is consistent with a peptide binding or threading mechanism (44).  Regardless, a 
significant difficulty in devising appropriate binding models is that AAA+ assemblies are 
known to undergo shape modifications as the C-domains reorient upon nucleotide 
hydrolysis.  Although these structural adjustments shift the Rubisco conformational 
equilibrium towards the open form, the process itself may or may not involve direct 
interactions with Rubisco active-sites. 
To-date, key features of Rca activity remain poorly understood, such as the allosteric 
control mechanism of multi-subunit assemblies that fine tune hydrolytic activity. In work 
presented here, we utilize steady-state turnover kinetic methods to investigate the 
regulation of Rca ATPase activity by the available adenine pool, by magnesium ion 
coordination and by interactions with Rubisco.  This work provides a significant step 
towards the elucidation of reaction cycles in terms of stochastic, coordinated sequential 
or concerted conformational switching models.  We anticipate that the elucidation of the 
Rca ATPase mechanism will ultimately lay the necessary foundation to answer critical 
questions in bioenergetics, such as ATP consumption rate per Rubisco reactivation event.   
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MATERIALS AND METHODS 
Preparation of cotton and tobacco short-form (β) Rca.  Cotton β-Rca bearing a C-
terminal Ala-Cys insert and tobacco Rca were cloned into the pET151/D-TOPO vector 
and transformed into E. coli BL21*(DE3) (Invitrogen) as described previously(51).  This 
procedure results in a construct bearing an N-terminal 6His-tag followed by a tobacco 
etch virus (TEV) protease cleavage site.  Liquid cultures were grown and protein was 
purified essentially as described previously (47).  Briefly, bacterial cells were grown in 3 
L culture to OD600 ~0.6, then induced by addition of IPTG and grown at 25°C and 180 
rpm for 8 hours.  The cells were pelleted, stored at -80°C, and lysed by sonication in the 
presence of 0.5 mM ADP.  Purification entailed affinity chromatography using Ni-NTA 
resin in the presence of 0.5 mM ADP, cleavage of the 6His-tag with r-TEV protease, 
followed by re-purification over Ni-NTA. Protein fractions were concentrated and buffer-
exchanged using a PD-10 column (GE Healthcare).  The final buffer consisted of 25 mM 
HEPES pH 8.0, 300 mM KCl, 10% glycerol, 1 mM DTT, with ADP added as required 
for the particular experiment, usually 2 mM ADP.  Protein aliquots were frozen in liquid 
N2 and stored at -80°C.  Apo-Rca was prepared by omitting ADP from all buffers used in 
purification and storage.  Protein was quantitated utilizing the Bradford method with 
BSA as a standard. 
Nucleotides.  ADP (97% pure) was purchased from Alfa Aesar, and ultrapure ATP ( 
99%)  was purchased from Sigma-Aldrich.The NADH assay was utilized to determine 
that ultrapure ATP ( 99% Sigma-Aldrich or Alpha Aesar) contained 0.36% - 0.42% 
ADP contamination.  
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NADH activity assay.  The rate of ATP hydrolysis was measured by monitoring the 
rate of ADP release utilizing an enzyme-coupled continuous spectrophotometric assay.  
In this assay, the coupled actions of pyruvate kinase and lactate dehydrogenase provide 
for stoichiometric use of ADP to convert NADH to NAD+ (90). The reaction mixture 
contained 100 mM tricine pH 8.0, 20 mM KCl, 5 mM DTT, 5 mM MgCl2, 2 mM 
phosphoenolpyruvate, 0.3 mM NADH, 4.8 - 8 units (U) pyruvate kinase, and 7.2 - 11.2 U 
lactate dehydrogenase (Sigma-Aldrich).  Upon addition of an aliquot of Rca to a cuvette 
containing assay mixture to provide a final volume of 1.0 ml, the O.D.340 was monitored 
for 60 s.  ATP was added, the contents were mixed manually with a cuvette mixer, and 
the reaction was monitored for 300 s. The extinction coefficient of NADH (6,220 M
-1 
cm
-
1
) was used to calculate the rate of NADH loss. 
EnzChek phosphate assay (MESG assay).  The rate of inorganic phosphate release 
due to the ATPase activity of Rca was monitored by an enzyme-coupled 
spectrophotometric assay (91).   In this assay, purine nucleoside phosphorylase (PNP) is 
utilized to catalyze the reaction of phosphate with the guanosine analog 2-amino-6-
mercapto-7-methylpurine ribonucleoside (methylthioguanosine MESG, λmax 330 nm), 
which generates the corresponding purine product 2-amino-6-mercapto-7-methylpurine 
(λmax 360 nm) and ribose-1-phosphate.  To assay inorganic phosphate production by Rca 
in a continuous fashion, the absorbance difference between the PNP reactant and product 
species was monitored at 360 nm.  The assay is sensitive between 2 and 150 μM 
phosphate between pH 6.5 and 8.5.  The procedure was modified from the manufacturer’s 
recommendations (Molecular Probes, Eugene, OR) by increasing the amount of PNP 
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three-fold and by addition of various buffer components, and is therefore described in 
detail below.   
To prepare a 1 mM stock solution, MESG as provided by the manufacturer was 
solubilized in 20 ml nanopure water.  To prepare PNP stock solution, the enzyme as 
provided by the manufacturer was solubilized in 500 μl water.  An ATP stock solution 
was prepared fresh each day, and consisted of 500 mM ATP (purity > 99%, Sigma-
Aldrich) in 100 mM HEPES pH 8.0.   
Preparation of the EnzCheck standard curve.  To generate a phosphate standard curve, 
a standard curve working solution was prepared by combining 550 μl of 1 M HEPES pH 
8.0, 500 μl 20X assay kit buffer (50 mM Tris, 1 mM MgCl2, 0.1 mM sodium azide), 16 
μl 500 mM DTT, 80 μl 500 mM MgCl2 and 6.254 ml nanopure water (7.4 ml final 
volume).  740 μl working solution were added each to the sample and reference cuvettes, 
and the OD360 was set to zero.  Subsequently, between 10 and 29 μl water, 200 μl 
MESG stock, and 30 μl PNP stock (3 U) were added to the sample cuvette, and the time 
scan was started.  After 60 s, either 1 μl water blank, or between 1 and 20 μl 5 mM 
potassium phosphate were added (final 5 μM – 100 μM Pi), such that the combined 
addition of water and phosphate equaled 30 μl.  The solution (1.0 ml total volume) was 
mixed using a manual cuvette mixer, and the OD360 was monitored for 300 s.  For each 
scan, the maximum absorbance upon signal saturation was corrected by subtracting the 
absorbance observed after 60 s (reaction mix without phosphate).  The change in OD360 
values was plotted as a function of phosphate concentration, and fitted to a straight line 
by linear regression.  
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EnzCheck baseline scan in the absence of Rca and ATP.  To collect blank runs and to 
assay for Rca activity, 7.00 ml turnover working solution was prepared by combining of 
550 μl 1 M HEPES pH 8.0, 500 μl 20X assay kit buffer, 16 μl 500 mM DTT, and 5.934 
ml nanopure water.  To collect a blank absorbance time scan in the absence of both Rca 
and ATP, 700 μl turnover working solution were added each to the sample and reference 
cuvettes, the OD360 nm was autozeroed, 200 μl MESG stock, 30 μl PNP stock, 12 μl of 
0.67 M MgCl2 stock, and 50 μl Rca buffer blank were added to the sample cuvette, and 
the time scan was started.  After 60 s, 8 μl HEPES buffer pH 8.0 were added, the solution 
was mixed and the OD360 was monitored for 300 s.  These conditions provide for a total 
Mg
2+
 concentration of 9.0 mM in a 1 ml final volume in the cuvette (1 mM Mg
2+
 
contributed by the assay kit buffer). 
EnzCheck baseline scan to monitor residual phosphate in the absence of Rca.  To 
control for residual phosphate present in the assay components, a baseline was collected 
in the presence of ATP, but in the absence of Rca.  As before, 700 μl turnover working 
solution were added to each of the sample and reference cuvette, the O.D.360 nm was 
autozeroed, 200 μl MESG stock, and 30 μl PNP stock, 12 μl 0.67 M MgCl2 stock, and 50 
μl Rca buffer blank were added to the sample cuvette, and the time scan was started.  
After 60 s, 8 μl of 500 mM ATP stock was added to provide a final concentration of 4 
mM ATP in a 1.00 ml volume.  The solution was mixed with a manual cuvette mixer, and 
the OD360 was monitored for 300 s.  For different kinds of experiments, the volumes of 
MgCl2 and ATP stock solutions added were adjusted as needed, while keeping the total 
volume of the two aliquots equal to 20 μl. 
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EnzCheck ATP turnover assays.  To assay the ATPase activity of Rca, 700 μl turnover 
working solution each were added to the sample and reference cuvettes, the OD360 nm 
was autozeroed, 200 μl MESG stock, 30 μl PNP stock, 12 μl 0.67 M MgCl2 stock, and 50 
μl Rca (4.50 mg/ml solubilized in 25 mM HEPES pH 8.0, 300 mM KCl, 1 mM DTT, 
10% glycerol) were added to the sample cuvette, and the time scan was started.  After 60 
s, 8 μl ATP stock (500 mM) was added, the solution was mixed using a manual cuvette 
mixer, and the OD360 was monitored for 300 s.   
To determine the initial velocity of Rca turnover, the turnover time scans were 
corrected by subtracting the baseline collected in the presence of ATP, and the slope of 
the steepest part of the resulting curve (15 to 20 s) was determined (usually 30 to 50 s 
after addition of ATP).  Care was taken to ensure that the maximum absorbance value 
utilized to calculate the slope falls within the linear range of the standard curve.  The 
slope was utilized to calculate the enzyme turnover velocity in terms of μM phosphate 
produced per second) by means of the standard curve.  This value was converted to 
turnover rates by normalizing with respect to Rca subunit concentration (5.0 μM).  Each 
reaction was carried out in triplicate.  The highest enzymatic turnover rate that can be 
determined quantitatively with this assay was shown to be equal to the production of 4.5 
μM Pi/s.  
According to the protocol described above, the final Rca concentration in the cuvette 
was 5.0 μM, the ATP concentration 4.0 mM, and the total Mg2+ concentration 9.00 mM.  
Once coordination of one magnesium ion to ATP is taken into account (Kd = 27.78 μM at 
pH 8.6 (92)), the residual, i. e. “free” Mg2+ concentration is calculated to be 5.0 mM.  As 
coordination of a second magnesium ion to ATP occurs with a Kd value of 10.204 mM 
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(92), a small fraction of the “free” Mg2+ will in fact be bound to the pool of ATP, 
reducing the unbound magnesium pool. This is not taken into account here, as this site 
may or may not coincide with the second magnesium binding site mediating subunit 
contacts. 
The ATPase assays were repeated with ATP concentrations that varied between 0 and 4 
mM, and concomitant adjustment of total magnesium based on the desired conditions.  
Initial velocities were converted to initial turnover rates ko (min
-1
), and computer-fitted to 
a steady-state turnover model using the programs Kaleidagraph
TM
 or Origin
TM
 (Equation 
1) (Segel pg. 28-30).  In the fitting procedure, n = nH is the Hill coefficient, kcat the 
maximal turnover rate upon substrate saturation, and Km the Michaelis constant. 
𝑘0 =  
𝑘𝑐𝑎𝑡 × [𝑆]
𝑛𝐻
𝐾𝑀+ [𝑆]
𝑛𝐻
     Equation 1.  
EnzCheck ADP inhibition studies:  The EnzCheck assay described above was adapted 
to measure initial rates of ATPase activity in the presence of varying concentrations of 
ADP, while keeping the “free” magnesium ion concentration constant at 5.0 mM.  The 
magnesium ion concentration in the turnover working solutions was adjusted to give the 
desired final free Mg
2+
 concentration, as calculated from the dissociation constants Kd 
(ATP-Mg) = 27.78 μM (92) and Kd (ADP-Mg) = 240.96 μM (93) at pH 8.0.  Rca stock solutions 
purified in the presence of 0.5 mM ADP were exchanged into buffers containing the 
appropriate amount of ADP by using a PD-10 column (GE Healthcare), such that dilution 
in the cuvette results in the desired final ADP concentration during turnover 
measurements.  For example, 50 μl Rca in buffer containing 1 mM ADP will result in 50 
-fold dilution in the cuvette.  In these experiments, the Rca 
concentration was kept constant at 5.0 μM.  Nominal final ADP concentrations of 0, 18, 
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42, 60, 112 and 132 μM were utilized, with each concentration assayed in the presence of 
0 to 4.0 mM ATP.  The NADH assay was utilized to demonstrate that ultrapure ATP ( 
99% Sigma-Aldrich or Alpha Aesar) contained 0.36% - 0.42% ADP contamination.  
Therefore, for the nominally zero-ADP reactions, the ADP contamination resulted in 
negligible amounts of ADP below 1 mM ATP, and about 4 μM ADP at 1 mM ATP.  For 
each ADP concentration, the normalized initial velocities were plotted as a function of 
substrate concentration.  Global curve fitting to Equation 2 (Segel pg. 120) was carried 
out using the program Origin
TM
.  The fitting procedure involved fixing the Km at a 
constant value, fitting the Ki for ADP inhibition globally, and fitting the kcat nH values 
individually for each curve.  Since the commercial ADP preparation utilized in this study 
contains some amount of phosphate, the maximum amount of ADP tolerated by the assay 
was shown to be about 140 μM.   
𝑘0 =
𝑘𝑐𝑎𝑡 × [𝑆]
𝑛𝐻
𝐾𝑀 +(
𝐴𝐷𝑃 × 𝐾𝑀
𝐾𝑖
)+[𝑆]𝑛𝐻
    Equation 2 
 EnzCheck assays as a function of magnesium concentration.  Rca turnover kinetic data 
were determined at free magnesium ion concentrations of 1.0, 3.0, 4.0, 5.0, 6.5, 8.5, and 
10 mM.  As before, free Mg
2+
 was calculated using published dissociation constants Kd 
(ATP-Mg) = 27.78 μM (92) and Kd (ADP-Mg) = 240.96 μM (93) at pH 8.0.  For each free Mg
2+
 
concentration, ATP concentrations were varied between 0.05 mM and 4.0 mM, and the 
initial turnover rates were fit to Equation 1 to extract kcat and Km values.  In these curve 
fits, a Hill coefficient nH =1.0 for ATP hydrolysis provided the best fit to the data.  The 
catalytic efficiency kcat/Km was plotted against the free Mg
2+
 concentration and fitted to 
Equation 3, where A represents base-line activity of the ATP·Mg minimal substrate 
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complex in the absence of free Mg
2+
, [Mg] represents the concentration of free 
magnesium ions, and nH the Hill coefficient.   
𝑘𝑐𝑎𝑡
𝐾𝑚
=  𝐴 +
(
𝑘𝑐𝑎𝑡
𝐾𝑚
 )𝑚𝑎𝑥 × [𝑀𝑔]𝑛𝐻
𝐾𝑑 +  [𝑀𝑔]
𝑛𝐻
               Equation 3 
EnzCheck assay in the presence of crowding agents. The effect of Ficoll as a crowding 
agent was tested in using the standard cuvette assay described above. As previously, a 
standard curve working solution was prepared to a final volume of 7.4 ml, however, 2.5 
ml 40% Ficoll 70 (w/v, Sigma-Aldrich) was added while reducing the water aliquot to 
3.754 ml. In this way, the reaction mixture in the cuvette (1 ml) contains 10% Ficoll. 
Similarly, the turnover working solution for the Rca activity assays was prepared to a 
final volume of 7.00 ml as previously; however, part of the water aliquote was replaced 
with 2.5 ml 40% Ficoll 70, to provide for a final Ficoll concentration of 10% in the 
cuvette. 
ATPase assays in the presence of Rubisco.  Rubisco preparations isolated from tobacco 
leaves and flash frozen in ammonium sulfate were a generous gift from Michael Salvucci.  
On the day of the experiment, an ammonium sulfate pellet was thawed on ice, centrifuged 
for 10 min at 14,000 rpm, and the supernatant was discarded.  The pellet was re-
suspended in 170 μl 20 mM Tricine-NaOH (pH 8.0), 0.2 mM EDTA buffer (inactivation 
buffer).  A Sephadex G-50 column was equilibrated in the same buffer, excess buffer was 
removed, Rubisco was loaded and the column centrifuged for 2 min at 400 g.  Rubisco 
preparations were subsequently concentrated using a centrifugal concentrator unit 
(Millipore, Amicon Ultracel 10K).  Control reactions containing Rubisco buffer blanks 
were carried out by collecting the flow-through during the concentration step. Desalted 
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Rubisco in the E-form was either used directly for experiments, or RuBP was added to 
0.5 mM followed by a 2 h incubation period (4°C) to generate the E·R form.  
Enzcheck microplate assays.  The Enzcheck assay was also carried out in 200 μl 
volumes at 25°C, using a Biotek Synergy HT microplate reader in combination with 
Corning NBS 96-well plates.  The reduced volume was necessary to perform experiments 
in the presence of high concentrations of Rubisco.  The volumes of all solutions were 
adjusted accordingly, and experiments were carried out with and without 10% Ficoll.   
RESULTS 
The ATPase Activity of Tobacco β-Rca Provides a Michaelis Constant in the Mid-
Micromolar Range 
 To examine the regulation of Rca activity by the available ATP and ADP pool, a 
continuous enzyme-coupled ATPase assay was developed that monitors the kinetics of 
phosphate (Pi) release while tolerating moderate amounts of ADP in the reaction mixture 
(EnzCheck assay, Life Technologies) (91).  Homogeneous preparations of tobacco β-Rca 
were produced by heterologous expression in a bacterial system, followed by affinity 
purification and enzymatic cleavage of the N-terminal 6His-tag.  To generate apo-Rca, all 
purification procedures were carried out in the absence of nucleotide.  Each protein 
preparation (yield ~2 mg per liter liquid culture) provided sufficient material to measure 
the initial turnover velocity of 5.0 μM Rca as a function of ATP concentration between 0 
and 4 mM ATP (Figure 2.1A,B).  In this set of experiments, the free Mg
2+
 concentration, 
i.e. Mg
2+
 not coordinated to nucleotide, was kept constant at 5 mM. To this end, the 
concentration of free Mg
2+
 was calculated using Kd (ATP-Mg) = 27.78 μM describing Mg
2+
 
coordination to the β and γ phosphoryl groups of ATP (92). 
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 The maximal turnover rates varied substantially from one protein pool to another, likely 
reflecting the differences in the quality of each preparation. Regardless, the four data sets 
generated from four different preparations provided independent evidence of rate 
saturation near 1 mM ATP.  Computer-fitting of individual data sets to the Michaelis-
Menten equation (Equation 1) indicated that the kcat values differed from each other, the 
Michaelis constant Km and the Hill coefficient nH adopted essentially constant values.  
Therefore, global curve fitting procedures were employed to fit all four data sets 
simultaneously in the program Origin
TM
.   Km and nH were restrained to a single value 
each, whereas the kcat values were fit individually for each data set (Figure 2. 1A).   Using 
this procedure, the Km value for ATP was extracted to be 113 ± 33 μM, and the  Hill 
coefficient nH was extracted to be 1.0 ± 0.1 (population standard deviation calculated by 
the fitting algorithm).  Averaging of the individual turnover numbers obtained for the 
four Michaelis-Menten curves provided a kcat value of 23.0 ± 5.6 min
-1
 (n = 4).   
Surprisingly, the Hill coefficient of 1.0 suggests that Rca does not operate in cooperative 
manner under these conditions (5.0 μM Rca, 5 mM free Mg2+, no ADP). Residual ADP 
could not be detected by apo- Rca preparations, as determined by using NADH assay 
(90). However, trace amounts of ADP are introduced upon addition of ATP to the 
reaction mixture, at most 14 to 18 μM ADP in reactions containing 4 mM ATP, as 
determined using NADH assay (50) (supplement table).  
To validate the results described above, Michaelis-Menten curves were also generated 
using the NADH assay, then compared to the EnzCheck assay under identical conditions.  
Here, tobacco β-Rca activity was monitored at a subunit concentration of 5.5 μM, while 
varying ATP concentrations between 0.25 to 4.0 mM.  The total Mg
2+
 concentration was 
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kept constant at 5 mM, thereby providing for decreasing free Mg
2+
 with increasing ATP.  
Using single data sets, extracted kcat values were 20.2 ± 1.1 min
-1
 for the EnzCheck assay 
and 15.3 ± 0.8 min
-1
 for the NADH assay, whereas the extracted Km values were 136 ± 50 
μM and 122 ± 45 μM respectively (Equation 1), with standard deviations estimated by 
the curve fitting algorithm.  Since a more appropriate estimate of the true error is 
provided by fitting multiple data sets as described above (kcat = 23.0 ± 5.6 min
-1
 for n=4 
protein pools), it appears likely that the results obtained by the two assays fall within 
experimental error of each other. 
Surprisingly, cotton β-Rca was shown to turn over five to six times more slowly than 
tobacco β-Rca, with an estimated turnover rate of 3.8 ± 1.2 min-1 (n = 6) under substrate-
saturation conditions (50).  In preliminary experiments, we estimated a Km value for ATP 
hydrolysis of about 1.5 mM, suggesting substantially weaker substrate binding compared 
to the tobacco protein. As the low turnover rate of cotton β-Rca yielded relatively weak 
and noisy signals, mechanistic work on this variant was not pursued further.  
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Figure 2.1A. Initial rate vs ATP concentration plot by MESG assay. The data is fitted 
by Allosteric model (equation 4). These experiments are performed with 5μM Rca, 5mM 
Free Mg
2+ 
and 0-4 mM ATP. All four experiments were done with 5 μM Rca (purified in 
absence of ADP), 5 mM free Magnesium and 0-4mM ATP. In each data set VMax was 
fitted individually, KM  and nH were fitted globally. The catalytic parameters obtained 
from these fittings are kcat  23.0 ± 5.6 min
-1 
(n = 4) 
 
(Average), KM is 0.113 ± 0.033 mM 
and nH  is 1.0 ± 0.1. Each experiment is performed with a different protein pools 
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Figure2.1B. Normalized initial rate vs ATP concentration plot by MESG assay 
(Using same data as Fig 2.1A). The data is fitted by Michaelis Menten model (Equation 
1). These experiments are performed with 5 μM Rca, 5 mM Free Mg2+ and 0-4 mM ATP. 
All four experiments were done with 5 μM Rca (purified in absence of ADP), 5 mM free 
Magnesium and 0-4 mM ATP.  
Table 2.1A. Catalytic parameters of Tobacco Rca ATPase activity using MESG method. 
(0-4 mM ATP, 5 mM free Mg
2+
, 5 μM Rca) 
 
Protein preparation kcat 
(min
-1
) 
KM 
(mM) 
Hill 
coefficient 
1 27.2 ± 0.8  
0.113  ± 0.033 
 
1.0 ± 0.1 2 15.4  ± 0.7 
3 22.3  ± 0.7 
4 27.2  ± 0.9 
Average ± SD 
(min
-1
) 
 
23.0 ± 5.6 
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Table 2.1B. Catalytic parameters of tobacco Rca obtained by individual fitting, 
fixing Hill coefficient at 1. 
 
ADP Inhibition of Hydrolytic Activity Involves The Interaction of At Least Two 
Subunits 
To investigate the regulation of Rca by the prevailing ATP/ADP ratio, the ATPase assays 
were repeated utilizing 5 μM tobacco β-Rca in the presence of various amounts of ADP.  
A series of Michaelis-Menten curves were generated varying ATP between zero and 4 
mM, with the data for each curve generated with either18, 42, 60, 112 or 132 μM ADP in 
the reaction mixture (Figure 2.2A and B).  The maximum amount of ADP tolerated by 
the assay was shown to be about 140 μM.  Higher concentrations lead to substantial Pi 
contamination and therefore poor signal-to-noise ratios.  Curve fitting of individual data 
sets to Eq. 1 suggested that the apparent Km value (Km-app) for ATP was increasing with 
ADP, consistent with competitive product inhibition due to a substantial affinity of ADP 
to the active site.  As observed in the absence of ADP (Figure 2. 1 A), the turnover 
numbers varied substantially from one protein preparation to another, with an average kcat 
= 18.8 ± 7.1 min
-1
 (n=5), and without any discernible trend as a function of ADP 
concentration (Figure 2.2 A).  As this value cannot be distinguished from the value of 
Protein preparation kcat 
(min-1) 
KM 
(mM) 
kcat / KM 
( min-1 mM-1) 
1 29.10  ±  0.61 0.186   ±  0.020 108.1 ± 12.1 
2 14.47  ± 0.47 0.059   ±  0.012 245.2 ± 50 
3 21.66  ±  0.30 0.115   ±  0.007 188.3 ± 11. 
4 25.87  ±  0.69 0.083   ±  0.010 311.7 ± 38.5 
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23.0 ± 5.6 min
-1 
(n=4) obtained in the absence of ADP, our best estimate for ATP 
hydrolysis by tobacco Rca equals kcat =20.6 ± 6.5 (n=9) (From Table 2.1A and 2.2A). 
 
Figure 2.2 A. Effect of ADP on Rca activity: Activity assay is performed in presence of 
different concentrations of ADP, such as, 0.018 mM, 0.042 mM, 0.060 mM, 0.112 mM 
and 0.132 mM. Rca concentration for all these assays was fixed at 5μM and the 
concentration of free MgCl2 was 5mM. The datasets were fitted by competitive inhibition 
model (Eq. 5) The datasets were fitted by fixing KM value at 0.113 mM. VMax and nH were 
fitted individually, and Ki was fitted globally. The Ki value obtained from these fitting is, 
0.063 ± 0.018 mM.  
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Figure 2.2 B. Effect of ADP on Rca activity: Normalized initial rate as a function of 
ATP concentration. Re-plotting of the data of Figure 2.2A. 
 
To extract the most precise kinetic constants, the set of five Michaelis Menten curves was 
subjected to global curve fitting procedures in the program Origin, this time utilizing a 
steady-state turnover model with inclusion of competitive inhibition (Equation 2).  In this 
approach, the true Km value was fixed to 113 μM (see above), the ADP inhibition 
constant Ki was fitted as a global parameter, and the kcat and nH values were fitted 
individually for each data set (Figure 2.2A).  In this way, the Ki value for ADP was 
extracted to be 63.0 ± 18.0 μM, about half of the Km value, in support of somewhat 
tighter product binding compared to the ATP substrate, reflecting previously reported 
thermal stability data (50). 
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Table 2.2A. Using KM = 0.113 mM (Ki fitted globally, Vmax and nH fitted individually)  
 
[ADP]       
(mM) 
VMax  
(min
-1
) 
Hill coefficient Ki  
(mM) 
0.018 12.8 ± 0.5 1.2 ± 0.1 0.063 ± 0.018 
0.042 13.8 ± 0.5 1.6 ± 0.2 
0.06 18.4 ± 0.5 1.7 ± 0.1 
0.112 30.7 ± 0.8 2.0 ± 0.2 
0.132 18.1 ± 0.7      2.1 ± 0.3 
 
Table 2.2B. Individual fitting of inhibition data by allosteric model (Equation 1), 
Hill coefficient values are fixed at the values as obtained by individual fitting of data 
by inhibition model (Table 2.2A) 
[ADP] 
(μM) 
Hill coefficient 
nH 
“apparent KM” 
(mM) 
kcat  
 (min
-1) 
kcat / KM 
(min-1  mM-1) 
18 1.2 0.152 ±  0.034 12.9 ± 0.6 84.9  ± 19.4 
42 1.6 0.229 ±  0.032 14.1 ± 0.3 61.6  ±  8.7 
60 1.7 0.243  ± 0.044 18.4 ± 0.7 75.7  ±  14.0 
112 2.0 0.299 ±  0.049 30.5 ± 0.9 102  ±  17.0 
132 2.1 0.349  ± 0.054 18.1 ± 0.5 51.8  ±  8.1 
 
Interestingly, at higher ADP concentrations, the individual Michaelis-Menten curves 
adopted a distinctly sigmoidal shape (Figure 2.2A).  In line with these observations, a 
clear and consistent increase in the Hill coefficient was observed with rising ADP 
component.  At (nominally) zero ADP, nH = 1.0 whereas at 132 μM ADP, nH = 2.1. 
These values indicate that at least two subunits must interact with each other, providing 
for a net positively cooperative system.  The highest ADP concentration accessible by 
this assay, 132 μM ADP, equals roughly twice the Ki value for ADP inhibition and is 
similar to the true Km value for ATP (Table 2.1A and 2.2A). 
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Figure 2.2 C. Catalytic efficiency is plotted as a function of ADP concentration. 
Catalytic efficiency values are used from Table 2.1B and Table 2.2B. 
The plot of catalytic efficiency as a function of ADP concentration (Fig 2.2C) indicates 
that the catalytic efficiency decreases with increasing ADP untill 40 μM concentration, 
then it increases upto 112 μM ADP, but then again decreases after that. The overall trend 
indicates a steady decrease of catalytic efficiency, where the slight increase of activity is 
within the range of standard deviation (14%-22%) of the data points in that range. 
Another interpretation of this data would be that there is an actual activation effect of 
ADP between 60 μM and 112 μM concentration. In order to comment conclusively about 
this effect, additional experiments using ADP concentrations between 60 μM to 112 μM 
need to be performed. 
Magnesium-Mediated Activation of Rca Hydrolytic Activity 
 Although substantial magnesium-dependent enhancement of Rca hydrolytic activity 
was reported many years ago (94,95), a mechanistic description of this phenomenon has 
not been provided yet.  In solution, ATP coordinates one magnesium ion tightly.  This 
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coordination appears to be critical for Rca hydrolytic activity, as the complete absence of 
magnesium ions abolishes turnover (data not shown). In addition, non-coordinated ATP 
appears to compete with ATP·Mg for binding to the active site, as the addition of 3 mM 
free ATP to 5 mM ATP·Mg results in decreased turnover rates.  We conclude that the 
minimal Rca substrate consists of ATP·Mg.  However, Rca hydrolytic activity has been 
reported to increase substantially upon addition of Mg
2+
 in excess of that coordinated to 
ATP (96), suggesting that a second magnesium ion binding site on the protein may serve 
as co-activation site (97).  This feature may provide a regulatory mechanism to fine-tune 
activity as a function of light-dark conditions in the stroma. 
To examine catalytic augmentation by a second Mg
2+
 binding site, we measured the 
initial turnover rate of tobacco β-Rca at nine different free Mg2+ ion concentrations, 
generating a total of nine Michaelis-Menten saturation curves (Figure 2.3).  For each 
curve, ATP was varied while keeping free Mg
2+
 constant.  Each plot was then fit to 
Equation 1 to extract kcat and Km values.  In all cases, a lack of cooperativity provided the 
best fit to the data, in full agreement with the results described above in the absence of 
ADP.  Therefore, the Hill coefficient for ATP hydrolysis was fixed to 1.0.  An 
examination of extracted kcat values did not indicate any trend related to magnesium 
(Table 2.3), and provided an average kcat value of 21.1 ± 2.3 min
-1
, similar to that reported 
in Table 2.1 and 2.2.  In contrast, the extracted Km values followed a steady downward 
trend with increasing Mg
2+
, with magnitudes decreasing from 0.453 ± 0.110 mM at 1.0 
mM free magnesium to 0.069 ± 0.014 mM at 6.5 mM free magnesium.  At even higher 
[Mg
2+
]free, such as 8.5 and 10 mM, the Km values remained at 0.07 mM, indicating 
saturation of a protein-based binding site (Table 2.3).  These data provide evidence that 
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ATP binds more tightly to the Rca active site when a total of two magnesium ions are 
coordinated to the Michaelis complex.   
For each curve, the catalytic efficiency kcat/Km was plotted as a function of the free 
Mg
2+
 concentration (Figure 2.4).  Based on the observed saturation behavior with respect 
to magnesium ions, the data were fit to a steady-state model describing augmentation of 
base-level activity upon binding of the second Mg
2+
. The model includes cooperativity 
for cation binding (Equation 3), and was utilized to estimate the apparent Kd value for the 
second magnesium site to be 4.8 ± 1.7 mM.  Based on a Hill coefficient of nH(Mg) = 2.2 ± 
0.4, magnesium binding occurs in a cooperative fashion that involves two or more Rca 
subunits.  The catalytic efficiency increases 8.4-fold, a very substantial rise from a 
baseline value of 33.0 min
-1
/mM for ATP·Mg to a maximum value of 278 min
-1
/mM for 
ATP·Mg·Mg.  Due to the observed cooperative behavior, the steepest increase is 
observed between 1 and 2 mM [Mg
2+
]free (Figure 2.4), with half-maximal efficiency 
observed at ~1.5 mM [Mg
2+
]free.  This range appears appropriate for regulation of Rca 
activity by fluctuating magnesium ion concentrations in the stroma.   
The lower Km for ATP in the presence of excess magnesium ions, combined with the 
observed cooperativity in metal ion binding, suggests that subunit-subunit interactions are 
mediated by a magnesium ion located in or near the active site, which is occupied by the 
minimal substrate ATP·Mg.  We suggest that the second metal ion may both coordinate 
ATP and bridge molecular contacts between protein chains. If so, the fully activated 
Michaelis complex may be symbolized by the notation Rca.ATP.Mg.Mg. 
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Table 2.3. The catalytic parameters at different free Mg
2+ 
concentrations using MESG 
method. (Fig b) At 0-4 mM ATP, 5 μM Rca. Hill coefficient is fixed to 1. Indicated 
errors as estimated by the curve fitting algorithm.  
 
[Mg
2+
]free  
(mM) 
kcat   
(min
-1
) 
KM  
 (mM) 
0.1 16.4 ± 1.1 0.452 ± 0.110 
1 23.5  ±  0.8 0.323 ± 0.046 
2 21.3 ± 0.8 0.119 ± 0.021 
3 24.1  ±  0.5 0.113 ± 0.014 
4 20.9  ±  0.5 0.079 ± 0.014 
5 22.8  ±  0.6 0.083 ± 0.021 
6.5 19.1  ±  0.6 0.069 ± 0.014 
8.5 20.7  ±  0.5 0.067 ± 0.011 
10 20.7  ±  0.3 0.068 ± 0.005 
Avg ± Std. Dev.
a
 21.1 ± 2.3  
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Figure 2.3. V0/ Vmax as a function of [ATP- Mg
2+
], Initial rates were monitored as a 
function of ATP concentration, while varying the free magnesium ion concentration from 
0.10 to 10 mM (see Table 2).  These conditions were chosen such that the entire ATP 
population is magnesium-coordinated.  Each data point represents the average of three 
measurements. The data were fit to Equation 1 with nH = 1.  For each [Mg
2+
]free, kcat and 
apparent Km values were extracted and the catalytic efficiency kcat/Km calculated.   
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Fig 2.4. Effect of Mg
2+ 
on catalytic efficiency: For each free magnesium concentration 
(1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 6.5 mM, 8.5 mM, 10 mM free Mg
2+
),  initial rates 
were plotted as a function of ATP concentrations and fitted by Michaelis Menten model 
(nH = 1) and the catalytic efficiencies obtained from the fits at different free magnesium 
concentrations were used to generate this plot. The catalytic efficiency is plotted as a 
function of free magnesium concentration and then the data was fitted by cooperative 
binding model (Eq 1), which gave KD for second magnesium binding 4.8 ± 1.4 mM and 
Hill coefficient 2.1 ± 0.3. The experiments were performed at 5μM Rca concentration, 
concentration of ATP changed from 0 mM to 4mM at each free Mg
2+
 concentration. 
(Table 2.4) 
 
Predicted Turnover Rates Provide Evidence for Incremental Regulation by the 
Prevalent ATP/ADP ratio 
  In live cells, Rca activity may be a function of the mole fraction of adenosine 
triphosphate, [ATP]/ ([ATP + ADP]), with the total pool of adenine nucleotides 
remaining constant (63). To examine Rca regulation by the available nucleotide pool, the 
extracted kinetic constants (Table 2.1A and 2.2 A) were utilized to calculate predicted 
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turnover velocities at total adenine nucleotide concentrations ranging from 0.1 to 5 mM 
(Figure 2.5). Utilizing equation 2, the Hill coefficient for ATP turnover was fixed at 
either 1.0, 2.0, or 4.0 (Figure 2.5 A, B, C, respectively), and normalized velocities were 
calculated using the constants kcat = 20.6 min
-1
, Km = 113 μM, Ki = 63 μM (Table 2.1A 
and 2.2A), values that were determined experimentally in the presence of saturating 
magnesium ([Mg
2+
]free = 5 mM).  As expected, activities increase substantially with rising 
amounts of available (free) nucleotide, since a higher fraction active sites will be 
occupied. 
In general, the regulation of Rca multi-subunit assemblies may be afforded by a 
combination of product inhibition and cooperativity.  In the absence of both features (Km 
= Ki, nH = 1), the velocity curve would expected to be a straight line, something that is 
not observed here. Rather, a set of slightly convex velocity curves are calculated in the 
absence of cooperativity (nH=1), but with inclusion of a moderate degree of product 
inhibition (Km ≈ 2×Ki) (Figure 4.5 A).   The introduction of cooperativity (nH = 2 or 4) 
produces a sigmoidal shape that becomes more pronounced at higher nH values (Figures 
3b,c).  Regardless, none of the predicted curves are steeply convex in appearance, 
indicating that tobacco β-Rca does not operate in a switch-like fashion.  Instead, 
incremental changes in the ATP/ADP ratio lead to incremental changes in hydrolytic 
activity, supporting the idea that ATP turnover is highly tunable in this system.   
  In their native environments, enzymes tend to operate at or below 50% capacity, a 
notion that would suggest an available nucleotide pool of 0.2 mM if the Hill coefficient 
equals 1 (Figure 2.5 A), an available nucleotide pool of 0.5 mM if the Hill coefficient 
equals 2 (Figure 2.5 B), and 1 mM if the Hill coefficient equals 4 (Figure 2.5 C).  Based  
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Figure 2.5. A, B, C. Simulations of the predicted fractional velocity v0/vmax as a function 
of adenine nucleotide.  Calculations were carried out using Equation 2, fixing the Hill 
coefficient nH for ATP hydrolysis at either 1, 2 or 4, as indicated in panels A, B, and C 
respectively.   The following parameters were utilized to calculate initial velocities (Table 
1): kcat = 20.6 min
-1
, Km = 113 μM, Ki = 63 μM, values that were extracted in the 
presence of saturating magnesium ([Mg
2+
]free = 5 mM).  All simulations were carried out 
keeping the free adenine nucleotide concentration (ATP + ADP) constant at 0.1, 0.2, 0.5, 
1, 2 or 5 mM.  For each nucleotide concentration, Rca activity was calculated as a 
function of the mole fraction of adenosine triphosphate, i. e. [ATP]/([ATP + ADP]). 
 
A B 
C 
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on the Hill coefficient of 2.1 extracted in this study, an adenine nucleotide pool of 0.5 
mM would provide half-maximal ATPase activity at high energy charge (ATP/ADP = 
9:1), but only about 10% activity at low energy charge (ATP/ADP = 1:1) (Figure 2.5B, 
green curve).   
This calculation demonstrates the feasibility of substantial Rca down-regulation in 
response to ADP accumulation, assuming that such large fluctuations in nucleotide ratios 
occur in the chloroplast stroma.   
Alternatively, one may consider an available adenine nucleotide pool of 0.1 mM, a value 
similar to the Km for ATP (Table 2.1A).  In this case, the calculated activities (brown 
curve, Figure 2.5) suggest almost no turnover over the entire range of ATP mole 
fractions. At least in principle, this situation cannot be excluded as biologically relevant, 
if Rca activity were to be stimulated by binding to Rubisco.  However, this appears 
unlikely to be the case. 
This situation cannot be excluded as biologically relevant, because it is possible that 
Rubisco can stimulate Rca ATPase activity if present at high concentrations.  Rca 
regulation by means of Rubisco binding would prevent continuous and wasteful ATP 
hydrolysis, similar to the bacterial system. In general, regulation of multi-subunit protein 
assemblies may be afforded by a combination of product inhibition and cooperativity.  In 
the absence of both features (Km = Ki, nH = 1), the velocity curve would be a straight line.  
A moderate degree of product inhibition, as observed for Rca (Km ≈ 2 × Ki), produces a 
set of slightly convex velocity curves in the absence of cooperativity (nH = 1) (Figure 2.5 
A), whereas the introduction of cooperativity produces a sigmoidal shape that becomes 
more pronounced at higher nH values, e. g. nH = 4 (Figures 2.5 B and 2.5 C).  For tobacco 
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β-Rca, a steeply convex curve is not observed, indicating that the enzyme does not 
operate as an on-off switch. Instead, Rca responds to incremental changes in the 
ATP/ADP ratio with incremental changes in hydrolytic activity, indicating that ATP 
turnover is highly tunable in this system.   
Neither Crowding Agents nor Elevated Concentrations of Rubisco Augment Rca 
Hydrolytic Activity 
To evaluate excluded volume effects due to macromolecular crowding relevant in the 
biological environment, the ATPase activity of tobacco β-Rca was measured in the 
presence of 10% Ficoll-70, an inert carbohydrate polymer (98). At this concentration, the 
experimental volume fraction of Ficoll-70 is expected to be roughly 7%, a condition that 
has been shown to provide a five-fold increase in the enzymatic activity of 
phosphoglycerokinase (98). Therefore, the response of phosphate standards and Rca 
samples was monitored with and without Ficoll using the EnzCheck assay.  Kinetic data 
were collected in triplicate on 5 μM Rca, 4 mM ATP and 5 mM free Mg2+.  We found 
that Ficoll-70 has no obvious effect on Rca hydrolytic activity, as the average turnover 
rates differed by only 12.4%.  Considering the relative standard deviations of 11.4% and 
5.0% for each set of measurements (± Ficoll), the difference does not appear to be 
statistically significant.   
To examine the effect of Rubisco on tobacco β-Rca activity, the ATPase assays were 
repeated in a microplate reader to reduce the reaction volume.  Inactivated Rubisco 
isolated from tobacco leaves was added either in its E- or ER-form.  The E-form was 
prepared by incubation with EDTA to decarbamylate active sites and the ER-form was 
subsequently generated by addition of 500 μM ribulose 1,5-bisphosphate (RuBP) ATPase 
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assays were performed with Rubisco concentrations ranging from 1.4 μM to 20 μM.  
However, the observed turnover rates remained essentially identical to the rates observed 
in the absence of Rubisco.  Even at the highest Rubisco concentration tested, which 
provided a molar ratio of 4:1, Rubisco holoenzyme to Rca subunit, and 24:1, Rubisco 
holoenzyme to Rca hexamer, did not modify hydrolytic rates.  To further promote more 
highly associated states, the effect of 10% Ficoll-70 was also tested in reactions 
containing 20 μM Rubisco.  However, as previously, no difference in turnover rates could 
be discerned, as the average turnover rates (n=3) ± Ficoll differed by only one percent. 
DISCUSSION 
Hydrolytic Activity Appears to Vary Substantially Among Higher Plant Rca 
Proteins 
We have developed a continuous ATPase assay based on the production of phosphate, 
opening the door to Rca mechanistic studies that interrogate the effect of ADP in the 
reaction mixture. Utilizing both assay types, we have carried out a comparison of tobacco 
and cotton β-Rca activity.  We found that tobacco operates with a five- to six-fold higher 
kcat value than cotton, and that cotton b-Rca consistently turned over about four-fold 
slower than previously reported (44).  The existence of substantial variations in ATPase 
activity among higher plant Rca proteins has been noted previously, although the 
physiological significance of these species-specific differences remains poorly 
understood (63).  Regardless, due to its high activity, mechanistic studies reported here 
were carried out on tobacco β-Rca at 5 μM subunit concentration.  Although the tobacco 
assembly equilibria have not been measured yet in detail, a recent report has suggested 
that hexamers may dominate at the concentrations employed here (48).  In contrast, for 5 
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μM cotton β-Rca at high ATP, only about 50% of subunits are thought to be in the 
hexameric state (50).   
Allosteric Regulation is Related to ADP Inhibition 
  Using the steady-state approximation, we have obtained nH = 1.0 for ATP hydrolysis in 
the absence of ADP, and nH = 2.1 in the presence of 132 μM ADP (assay-limited).  These 
values suggest that an ATP-bound Rca subunit cannot allosterically interact with a 
neighboring ATP-bound or empty subunit. Instead, such an interaction requires an 
adjacent subunit that is occupied by ADP, indicating that positive cooperativity involves 
2 - 3 sites that are ATP- and ADP-bound, and may also include an empty site.  We 
conclude that the presence of ADP is absolutely critical in facilitating communication 
between subunits. Therefore, the allosteric interactions providing positive cooperativity 
are intimately coupled to the regulation of turnover as a function of the prevailing 
ATP/ADP ratio (Figure 2.5 BC). 
The similarity in the Km value for ATP (113 μM) and the Ki value for ADP (63 μM) 
suggests that positive cooperativity is coupled to a relatively moderate degree of product 
inhibition (Figure 2.2).   Independent evidence in favor of tighter ADP than ATP binding 
is provided by the relative thermostabilities reported previously by our group (50).  
Regardless, a simulation of activity using the extracted Km and Ki values in the absence 
of cooperative behavior (Figure 4.5 A) demonstrates the minimal effect of product 
inhibition.  The slightly convex nature of calculated turnover curves as a function of the 
ATP mole fraction indicates only a small amount of rate reduction due to increasing 
ADP.  
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In our previous study, we reported that the fraction of six-subunit oligomers (Rca6) 
reached a maximum when ATP concentrations were raised to at least four-fold excess 
over ADP (50).  Therefore, the relative Km and Ki values extracted in the present work 
(Ki/Km = 0.557) provide a rationale for the observation that excess ATP must be available 
to occupy a sufficiently large fraction of sites, such that conformational states become 
accessible that promote hexameric ring closure.   
Predicted Catalytic Activities Under Varying Environmental Conditions 
 The hydrolytic activities calculated using the experimentally determined constants 
(Table 2.1A, 2.2A) strongly depend on available adenine nucleotide concentrations 
(Figure 2.5).  Reliable estimates of free adenine nucleotide concentrations in the stroma 
do not appear to be readily available, such that the expected levels of in vivo turnover 
remain difficult to estimate. Our work suggests that at high magnesium, a free nucleotide 
concentration between 0.5 and 1 mM may provide appropriate regulation as a function of 
the available ATP/ADP ratio (Figure 2.5 B).     
Knowledge of the Hill coefficient under physiologically relevant conditions appears 
critical when analyzing “energy charge” curves in relation to product inhibition (Figure 
2.5).  Our work cannot exclude the possibility that under different buffer conditions, Rca 
assemblies will operate with a higher degree of positive cooperativity, i. e. involving 
more than two subunits (nH > 2).  Such a scenario was described previously for ClpX6, 
where nH was shown to vary between 2 and 4 (27), supporting functional models that 
involve conformational switching in the 4-nucleotide state (26).  The positive subunit 
cooperativity observed here supports a process that involves pair-wise switching in a 
coordinated or stochastic fashion (nH ≈ 2), but excludes a fully concerted process (nH ≈ 
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6). We speculate that high ATP and magnesium sets the ring-like assembly into a 
Rubisco reactivation-competent state, and that the subsequent active-site production of 
ADP results in a cooperative system capable of hydrolyzing ATP in a steady-state 
fashion.  Based on our kinetic time scans, we estimate that each Rca subunit turns over 
about 10 times within a period of 30 s, followed by a sharp decrease in velocity.  If 
steady-state turnover for 30 s were coupled to one Rubisco reactivation event, then 
reactivation would require the hydrolysis of 60 ATP molecules.   
Different Classes of Sites May Promote Functionally Relevant Ring Asymmetry 
In a toroidal assembly, communication across subunits may require coordinated 
conformational changes within the ring that exhibit substantial energy barriers.  The low 
degree of subunit cooperativity (nH ≈ 2) supports pairwise binding of ATP, implying that 
three different classes of sites may coexist in ring-like assemblies (Figure 4).  According 
to this model, the occupation of active sites with nucleotide, both ATP and ADP, may be 
coordinated in some way with the co-existence of empty site.  This model is in line with 
previously proposed models for ClpX and PAN, distant relatives of Rca among the 
classic-clade AAA+ proteins.  These proteins form monodisperse hexamers for which 
sub-stoichiometric ATP binding has been demonstrated (27,99).  In addition to empty 
sites, high- and low-affinity nucleotide binding sites have been characterized, suggesting 
a sequential arrangement of tight-weak-empty-tight-weak-empty classes of sites in 
hexameric toroids (26).  Extracted Hill coefficients (nH) indicate positive cooperativity 
between 2 or 3 sites, in support of a stochastic or coordinated cyclic pattern of 
hydrolysis(26,99).  For PAN, ADP release has been shown to be overall rate-limiting.  
The “symmetry mismatch” problem in this system (6 AAA+ domains stacked onto the 7-
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subunit proteasome outer ring) has led to the proposal that only two subunits associate 
with the partner protein at any one time, such that the central axes of the two ring systems 
are misaligned.  Similarly, the stoichiometric mismatch described for the six-subunit 
AAA+ rings formed by N-ethyl maleimide sensitive factor (NSF) interacting with its 
four-fold symmetric partner protein has recently been attributed to a ring-ring stacking 
mechanism, in which the central axes are also misaligned during the catalytic cycle (100). 
The hinges forming the nucleotide binding pockets and connecting the AAA+ N- and 
C-domains are thought to adjust continuously during catalysis (26).  In asymmetric 
assemblies of HslU and ClpX, the angle between the N- and C-domains of the AAA+ 
module has been shown to vary by about 15°.  Additionally, work on ClpX has suggested 
that the AAA+ module can also adopt conformations entirely devoid of nucleotide 
binding capability (25).  The general picture emerging from these studies suggests that 
the population of AAA+ conformational states is tightly coupled to the types of 
nucleotides bound in the active sites of ring-like assemblies. 
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Figure 2.6: Model for site asymmetry and magnesium activation in Rca multi-
subunit assemblies.  In their functional state, hexameric assemblies are thought to 
operate with positive subunit cooperativity that involves at least two protomers.  One 
Rca6 toroid may consist of sites occupied by ATP, sites occupied by ADP, and empty 
sites.  The minimal substrate for hydrolysis is ATP·Mg, whereas the second Mg
2+
 ion 
serves as coactivator by mediating proper subunit-subunit contacts.  The proposed 
mechanistic model involves an open ring-like assembly at low magnesium ion 
concentrations.  When Mg
2+
 rises, binding of the co-activator Mg
2+ 
at a second site leads 
to the formation of topologically closed hexameric toroids, with concomitant eight-fold 
increase in catalytic efficiency.   
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Light-Dependent Magnesium Activation of Rca 
 
In this work, we demonstrate that the apparent Km value for ATP hydrolysis is lowered ~ 
6.6-fold in the presence of high Mg
2+
 concentrations (Figure 2).  This effect leads to a 
substantial regulation of ATP turnover rates as a function of available (unbound) 
magnesium ions, with half-maximal catalytic efficiency observed at about 2 mM 
[Mg
2+
]free.  In previous works on Rca, excess magnesium ions have been demonstrated to 
increase the binding affinity of ATP (47,50,101). Recently, we reported that magnesium 
concentrations in the low-mM range promote Rca assembly to hexameric states, and 
disfavor the formation of larger supramolecular complexes (50). We also proposed that 
cation binding involves both coordination to the ATP molecule located in the active site 
of one protomer, and coordination to several acidic residues located on the adjacent 
protomer (50). Taken together, it appears plausible that the structural basis of Mg
2+
 
activation consists of the formation of topologically closed hexameric rings from open 
ring systems (Figure 2.6) (50). 
Magnesium ion concentrations are known to vary in the stroma as a function of proton 
pumping across the thylakoid membranes.  In dark-kept intact chloroplasts, available 
[Mg
2+
] was estimated to be 0.50 ± 0.53 mM, whereas a 10-min illumination period 
provided an estimate of 1.95 ± 0.97 mM unbound [Mg
2+
] (102).  As the pH of the stroma 
rises, [Mg
2+
] is increased to provide electrostatic compensation, thereby up-regulating 
Rca hydrolytic activity to reactivate Rubisco for CO2 fixation.  This notion would provide 
a plausible answer to an as yet unresolved question, the question of how uncontrolled 
ATP hydrolysis by Rca is prevented in the stroma. 
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Loading of Rca Assemblies with the Rubisco Substrate Does Not Modulate 
Turnover 
In general, the ATP turnover rate of AAA+ proteins may be stimulated, dampened or 
unaffected by binding to the partner protein.  Although literature reports have suggested 
that Rubisco does not affect ATP turnover, the Rubisco concentrations used in these 
assays were lower than those of Rca, e. g. ~ 1.5 μM holoenzyme in combination with 4.7 
μM Rca (44).  Since these concentrations may not yield observable fractions of bound 
states, we have tested the effect of Rubisco concentrations that would provide 24 Rubisco 
holoenzymes per Rca6, with ~7% of the volume occupied by a macromolecular 
carbohydrate crowding agent.  However, these conditions did not significantly alter Rca 
hydrolytic rates either, suggesting that magnesium regulation rather than partner protein 
dissociation keeps wasteful ATP hydrolysis in check.  Under in vivo conditions, where 
excluded volumes are estimated to be about 50% due to macromolecular crowding, Rca 
may be continuously loaded with Rubisco, but may not be fully engaged until activated 
by a rise in stromal magnesium upon light exposure.   
SUMMARY AND CONCLUSIONS 
In summary, we anticipate that ring asymmetry plays a critical role in Rca function.  
Our kinetic data suggest at least two classes of sites, with hexameric toroid formation 
mediated by Mg
2+
 binding.  If ATP hydrolysis is coordinated with conformational 
switching that propagates around the ring (26), the mismatch in the assembly 
stoichiometries of Rca and Rubisco could have functional relevance.  For example, Rca6 
with 2-fold rather than 6-fold symmetry could function by engaging only two or four Rca 
subunits at any one time with Rubisco, which has both 2-fold (“side-on” model) and 4-
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fold (“top-on” model) symmetry axes.  We hope that the development of a mechanistic 
framework will serve as a starting point from which in vivo regulation can be understood, 
so that Rca behavior can be predicted more accurately under different environmental 
conditions. 
 
Supplemental Table 1.  
[ATP] 
mM 
Residual ADP 
from ATP                     
μM 
Residual ADP from Rca 
μM 
Total ADP 
μM 
0.05 Negligible Negligible  (less than 2μM), outside the 
range of sensitivity 
 
RMW: the NADH assay did not detect any 
ADP in the apo-Rca preps. Therefore, the 
concentration must be below 2 micromolar.  
 
Negligible 
0.125 negligible negligible 
0.25 negligible negligible 
0.5 Negligible (1- 2) Negligible 
(1- 2) 
1 3.6 - 4.2 3.6 - 4.2 
2 7.2 - 8.4   7.2 - 8.4   
3 10.8 – 12.6 10.8 – 12.6 
4 14.4 -16.8 14.4 -16.8 
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CHAPTER 3 
CORRELATION OF ATPASE ACTIVITY OF APO-, ADP AND ATPγS BOUND 
RUBISCO ACTIVASE FROM TOBACCO AND ASSEMBLY STATE OF COTTON β- 
RCA AS FUNCTION OF RCA CONCENTRATION 
"Reprinted (adapted) with permission from (Kuriata, A. M., Chakraborty, M., Henderson, 
J. N., Hazra, S., Serban, A. J., Pham, T. V., Levitus, M., and Wachter, R. M. 
(2014) ATP and magnesium promote cotton short-form ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) activase hexamer formation at low micromolar 
concentrations. Biochemistry 53, 7232-7246). Copyright (2014) American 
Chemical Society." 
Some parts of this chapter was published before (Chakraborty et al, 2012, Biophys J, 
103,949(51) and Kuriata et al, 2014, Biochemistry, 53, 7232(50)). Fig 3.1 and 3.2 are 
reproduced directly from reference (50). 
INTRODUCTION 
Many AAA+ proteins function as hexamers. However, stable hexamer formation is not 
typically observed for Rca. Different biophysical techniques, such as, size exclusion 
chromatography, analytical ultracentrifugation (AUC), dynamic light scattering, nano-
ESI mass spectroscopy and fluorescence correlation spectroscopy (FCS) have been used 
to study the assembly state of Rca. All of these studies have shown a concentration-
dependent distribution of oligomeric species, where at higher Rca concentration larger 
oligomers predominate. Only very recently, Keown et al (48) saw stable hexamer 
formation with spinach α-Rca, in the presence of ATPγS, using AUC. The oligomeric 
species formation appears to be a very dynamic association /dissociation mechanism, 
   71 
where a change in dilution results in a re-distribution of oligomeric assembly states. 
However, so far, we have not been able to conclusively identify the biologically relevant 
assembly state. Also, the high resolution crystal structures of tobacco and creosote Rca 
did not resolve this question. Tobacco Rca packed into a pseudo-hexameric spiral within 
the crystal lattice, an artifact often observed for other AAA+ proteins. In biological 
system, most of the AAA+ proteins form closed structures with a fixed number of 
subunits, with a very few examples of an open spiral. However, some AAA+ proteins are 
found to form spiral assemblies, such as, yeast clamp loader protein, RFC (replication 
factor c), which forms an ATP-dependent pentameric spiral assemblies around the 
double-helical primed DNA (103) and proteins involved in DNA replication, which bind 
to the replication origin. For example, bacterial replication initiator DnaA stays in a 
monomeric state in solution, but in the presence of ATP it forms spiral assemblies around 
the replication origin of the DNA molecule, and thus initiates the melting of double 
stranded DNA   (104). 
Apart from the recent evidence of stable hexamer formation with spinach α-Rca, the Rca 
mutants R294A and R294V form stable hexamers in presence of ATPγS, as demonstrated 
by nano-ESI MS and negative stain EM, respectively. 
Different views have been proposed for the most relevant biological assembly state. In 
solution, Rca forms oligomers up-to ~660 kD, which corresponds to the formation of a 
16-mer. In order to find the minimal oligomeric species required for biological activity, 
titration experiments have been performed with mutant and WT Rca constructs, where 
the amino acid residues responsible for assembly are mutated to disrupt mono-directional 
or bi-directional assembly. These experiments found 2.9-3.7 subunits to be the minimum 
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oligomeric state to be ATPase active, but the minimum unit for Rubisco reactivation 
should contain 3.5-5.4 subunits (44). The correlation of Rca activity and oligomeric 
assembly by AUC and SAXS (small angle X- ray scattering) showed that the minimal 
biologically active assembly state contains 2-4 subunits (77) . 
The assembly state also varies in different isoforms of Rca. Although the tobacco β 
isoform and spinach β isoform show polydispersity in solution irrespective of the 
presence and type of nucleotide, the spinach α isoform exist as mono-disperse hexamers 
in the presence of ATPγS, same as the tobacco mutant R294V. Also, a mixture of spinach 
α and β Rca forms hexamers in solution in the presence of ATPγS, indicating that the α-
isoform creates the scaffold for formation of a hexamers.  The arginine residue at position 
294 in tobacco Rca is responsible for subunit interface interactions. Since we observe 
stable hexamer formation with the R294V mutant, this indicates that this mutation 
changes the subunit-subunit interaction. The spinach α isoform, which has a C terminal 
extension, in comparison to the β isoform, also forms stable hexamers. So it can be 
predicted that the C-terminal extension of the α-isoform is also involved in interactions 
between subunit interface (48). 
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Figure 3.1: Schematic representation of the proposed Rca assembly model.  
Individual chains of the Rca AAA+ domain are shown in light and dark blue.  Km-d, 
monomer-dimer dissociation constant (Kd), Kd-t, dimer-trimer Kd, Kt-h, tetramer-hexamer 
Kd, and Kh-24, hexamer-24mer Kd value.  According to this model, dimeric and tetrameric 
oligomers assemble to form hexameric species.  Two different kinds of assemblies 
consisting of six subunits each are proposed to be generated in vitro, a closed-ring and 
open-spiral form.  The relative populations of each hexamer type are proposed to depend 
on nucleotide and magnesium conditions, and the experimentally determined Kt-h value is 
thought to reflect the relative contributions of each species (lower Kt-h indicates more 
pronounced closed-ring hexamer formation).  The figure was generated by calculation of 
a coarse surface of the crystal structure of the AAA+ domain of tobacco Rca (pdb ID 
code 3T15), using the program Pymol. (With permission from reference (50), page 126) 
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FCS studies with cotton β-Rca show that in the presence of ATPγS, the KD for hexamer 
formation (0.1 μM) is 10 fold lower than that in the presence of ADP (1 μM) (Fig 3.2). In 
the range of 8-70 μM Rca concentration, hexamers predominate, and 60 - 80% of total 
protein is hexameric in the presence of ATPγS. However, only 30-40% of total protein is 
hexameric in the presence of ADP. On the other hand, the dimer fraction is predominant 
in the 1-4 μM Rca concentration range, where 15-18% of total protein is dimeric in the 
presence of ATPγS and 26-28% of total protein exists as dimers in the presence of ADP 
(Fig 3. 2). The KD values of the assembly model indicate that Mg
2+
 and Mg-ATPγS 
supports a toroidal hexamer formation, whereas Mg-ADP promotes the formation of 
spiral supramolecular assemblies (Fig 3.1) (50,51). 
Here we are trying to understand the relationship between ATPase activity and the 
stoichiometry of oligomeric species, using methodologies developed in collaboration 
with Dr. Marcia Levitus. We have performed ATPase assays with Rca as a function of its 
concentration and then correlated it with the concentration-dependent oligomeric species 
formation, as studied by FCS, to understand the correlation between the activity and the 
stoichiometry of oligomeric species.  
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Fig 3.2: Assembly mechanism of β-Rca-AC as a function of ATPγS and ADP. (top) 
Relative apparent diffusion coefficients (Dapp/D1) of β-Rca-AC determined by FCS as a 
function of subunit concentration (black circles). Each sample was prepared in buffer 
containing 25 mM HEPES−NaOH, pH 7.6, 250 mM KCl, 5 mM MgCl2, 10% glycerol, 
and 2 mM ATPγS (A) or 2 mM ADP (B). For panel A, the ATPγS/ADP ratio was 
estimated to be 8 (range 7−11) during FCS data collection. The data shown in panel 
A(50) and B (51)have been published previously  and are re-plotted for ease of 
comparison. The horizontal blue lines are placed at calculated values of Dapp/D1 for k = 1, 
2, 3, 4, 6, 12, and 24, where k represents the number of subunits per assembly. The red 
curves represent computer simulations of the Rca assembly mechanism calculated using 
the Kd values shown in the table below. (Bottom) Fractional concentrations of oligomeric 
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species as a function of Rca subunit concentration, as calculated from the Kd values 
determined by manual curve fitting. (With permission from reference (50), page 126) 
 
MATERIALS AND METHODS 
Enzcheck phosphate assay: 
Standard curve: It was prepared as mentioned previously in chapter 2.  
Rca ATPase activity protocol:  The assay was performed in the same way as before in 
chapter 2, except here the final ATP concentration was 2 mM and different enzyme 
concentrations were used. The initial rate was measured for different Rca concentrations, 
for example, 0.25 μM, 0.5 μM, 0.75 μM, 1 μM, 1.5 μM, 2.5 μM, 5 μM, 10 μM, 15 μM or 
20 μM, at 2 mM ATP and 5 mM free Mg concentration. As before, each kinetic 
experiment has been done in triplicate. 
NADH assay (Spectrophotometric enzyme coupled continuous ADP measurement assay)-
The assay was performed as explained previously in chapter 2. Except, here, the final 
ATP concentration was 2 mM, and  the final Rca concentrations were 0.25 μM, 0.5 μM, 
0.75 μM,1 μM, 1.5 μM, 2.5 μM, 5 μM , 10 μM, 15 μM or 20 μM (105).  
Effect of nucleotide, in concentration dependent ATPase activity: To understand the 
effect of nucleotide on concentration dependence of Rca activity, experiments were 
performed with Rca in the apo form, in presence of 112 μM ADP and in presence of 112 
μM ATPγS respectively, to understand the effect of nucleotide on the concentration 
dependence of Rca activity. Here, after the buffer exchange, ADP or ATPγS was added 
in such a way, so that the final concentration in cuvette will be 112 μM. For NADH assay 
the experiments were performed with Rca in Apo form. 
Highest measurable rate calculation: For NADH assay by starting the time scan with all 
assay reagents (without Rca), and then 200 μM ADP was added after 60 second of staring 
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the time scan. The steep initial slope was used to calculate highest measurable rate of this 
assay. 
For MESG assay, the time scan was started with all the reagents (except, Rca), and then 
at 60 second 500 μM of Pi  was added to calculate the highest measurable initial slope. 
The initial slope calculated in each experiment was normalized by the enzyme 
concentration which gave the initial rate. 
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒 =
[𝑃𝑖]𝜇𝑀 
[𝐸𝑛𝑧𝑦𝑚𝑒]𝜇𝑀
                          (1) 
RESULT 
Rca ATPase Activity Decreases at Concentrations above 2 μM. 
We have performed the activity assay as a function tobacco of Rca concentration. The 
initial rate of ATP turnover increases with increasing Rca concentration up to 1.5-2.5 
μM, and then it decreases at higher Rca concentration.  To assess the limitation of this 
assay, we checked the highest possible response achievable with this assay. The violet 
half-filled squares in Fig 3.3 show the highest possible initial rates that can be measured 
by the MESG assay in our set up, allowing us to judge whether the decrease in activity at 
higher Rca concentration is an actual trend of the protein itself or is due to limitations of 
the assay. The blue solid curve indicates the 
 
 
   78 
 
FIGURE 3.3. Turnover rate is plotted as a function of Rca concentrations. 0.25 μM, 
0.5 μM, 0.75 μM, 1 μM,1.5 μM, 2.5 μM, 5 μM, 10 μM,15 μM Rca concentrations were 
used in this experiment and at each Rca concentration 5 mM free Mg
2+
 and 2 mM ATP  
were used. The experiment is repeated with Apo Rca (blue), Rca pre-incubated with ADP 
(green) and ATPγS (red).The violet half-filled squares represent the maximum measured 
turnover rate at the corresponding Rca concentrations. The black dotted curve represents 
the activity of apo Rca by NADH assay, and the black half-filled square represents 
highest measurable activity at that enzyme concentration. 
 
activity of apo-Rca by the MESG method, the violet half-filled squares indicate the 
highest measurable initial rate at each respective Rca concentrations, the black dotted 
curve indicates the activity by measured by the NADH method and the black half-filled 
square indicates the highest measurable initial rate by NADH assay at 20 μM Rca 
concentration. This shows that the highest measurable rate achievable by the NADH 
assay is significantly higher than that of the MESG assay. 
Not only is Rca oligomerization of Rca concentration dependent, (50,51,77) but the 
presence of different nucleotides has a significant effect on oligomerization (50). 
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Therefore, we have performed the concentration dependence of Rca activity assay in the 
presence of ADP and ATPγS. The ATPase assay using Rca pre- incubated with 112 μM 
ATPγS showed a very similar trend of data as that of apo Rca 
 
 
Fig 3.4 A. Correlation of ATPase activity of tobacco Rca and oligomerization of cotton 
Rca as a function of Rca concentration in the presence of ADP. The blue line represents 
the dimer fraction and the black line represents the hexamer fraction. 
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Fig 3.4 B. Correlation of ATPase activity of tobacco Rca and oligomerization of cotton 
Rca as a function of Rca concentration, in the presence of ATP-γ-S. The blue line 
represents the dimer fraction and the black line represents the hexamer fraction. 
In the presence of 112 μM ADP, a similar trend of the initial rate is observed, except the 
decrease in initial rate at higher concentration is less steep. Initial rates of Rca turnover 
were well inside the maximum possible initial rate range measurable from this set up. 
Correlation of ATPase Activity and Oligomeric Species 
We correlated the concentration-dependent ATP turnover activity of tobacco Rca to the 
Rca concentration-dependent oligomerization of cotton Rca predicted by FCS (50,51). 
Within 0 to 20 μM Rca concentration, both in presence of ATPγS (Fig3.2 A) and ADP 
(Fig 3.2B), monomers, dimers, tetramers and hexamers co-exist. When correlating the 
ATPase activity to the distribution of oligomeric species, we found that the dimer fraction 
follows the same trend as the ATPase activity. In fig 3.4A and 3.4B, we plotted the dimer 
and hexamer fraction as a function of Rca concentration along with the ATPase turnover 
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rate. The correlation suggests that in the concentration range where the dimers dominate, 
the ATPase activity is very high, however at higher Rca concentrations, where dimer 
fraction is reduced, and tetramers, hexamers and higher order oligomers are prevalent, the 
activity decreases. This observation is true regardless of whether Rca is incubated with 
ADP or ATPγS (3.4A, 3.4B). The oligomerization experiments are performed with 2 mM 
ADP and 2 mM ATPγS. Slow ATPγS hydrolysis by cotton β-Rca results in the 
production of ADP during the experimental time frame (50), and the ATPγS / ADP ratio 
becomes 8:1. 
DISCUSSION 
The high degree of size polydispersity observed in Rca (46) is dependent on the 
concentration of Rca and presumably other factors, such as nucleotide and Mg
2+ 
concentrations (47), (51), (50). Previously, the correlation of Rca concentration with 
biological function (Rubisco activation and ATPase activity) has been examined, and 
important relations to biological activity were established (44),(106),(94),(77). The 
specific activity of ATP hydrolysis by spinach Rubisco activase increased with an 
increase of enzyme concentration, with maximum activity reached between 1-2 μM 
(106). The spinach β-Rca reached a maximum ATPase activity and activation of RuBP- 
bound Rubisco (ER form) above 1 μM, but the activity was lower below this 
concentration (94). 
In our lab, we observed that the ATPase turnover rate of apo Rca increases with 
increasing Rca concentration in the lower concentration regime, but decreases above 1.5-
2 μM. The increase of ATPase activity with increasing protein concentration was 
observed previously, up to 1.5 μM Rca concentration (77,94,106), and the decrease of 
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activity above this concentration was also observed (77), but these data were collected 
only up to 2 μM Rca concentration. Our experiment was repeated in presence of ADP 
and ATPγS, and again a similar trend in activity was observed, although the decrease in 
ATPase turnover rate was not as pronounced in the presence of ADP. FCS showed that in 
presence of ADP, cotton β-Rca is predominantly in the monomeric form below 0.5 μM, 
but above 10 μM, oligomeric species greater than hexamers are predominant (51). In 
correlating ATPase activity to the oligomerization model of cotton Rca in presence of 
ADP, the dimer fraction appears to peak in the same concentration range where activity is 
greatest. At higher concentrations, the activity decreases despite the presence of higher 
order oligomers and hexamers. Also, for the ATPγS incubated Rca samples, the dimer 
fraction and the ATPase activity follow the same trend, though the activity decreases 
more sharply. Under these conditions, the dimer fraction is lower, and higher order 
oligomers, specifically hexamers, are predominant (50). AUC and light scattering studies 
from Keown et al. (77) revealed, predominantly dimer-tetramer species (MW 121 kDa) at 
1 μM Rca concentration, where ATPase activity was at a maximum. The decrease of 
ATP turnover at a higher concentration may be due to the fact that larger oligomers like 
hexamers need to undergo coordinated large scale domain motions. However, the stromal 
Rca concentration is very high (~160 μM). At this concentration, the dimer fraction is 
likely to be miniscule; suggesting that this might be an adaptation to avoid undesirable 
energy expenditure. Although the correlation made here between the oligomerization 
studies of cotton Rca and the ATPase activity of tobacco Rca assumes that the 
oligomerization mechanism of tobacco and cotton β-Rca are similar, but in reality this 
may be very different, as the nucleotide dependence of oligomerization observed in 
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cotton Rca (51),(50) is not observed in tobacco Rca (52).Therefore, future studies will 
examine the assembly mechanism of tobacco Rca using fluorescent-dye labelled tobacco 
Rca, by FCS. 
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CHAPTER 4 
COMPARISON OF THERMOSTABILITY OF TOBACCO AND COTTON β-RCA 
 
Portions of this work were previously published in Biochem Biophys Acta, 2013, 1834, 
87. The thermofluor data with tobacco Rca were collected by Dr. JN Henderson and 
processed by myself. 
INTRODUCTION 
In higher plants, moderate heat stress is known to cause a substantial decrease in net 
photosynthetic rates (107-109).  Rubisco activity shows similar temperature dependence, 
with decreases at elevated temperature being linked to the inhibition of Rubisco.  
Thermal inactivation of Rubisco could be connected to the structural instability of 
Rubisco or Rca at a higher temperature, or attributable to the heat-related changes in the 
chloroplast environment. Reconstitution experiments of Rca-induced reactivation of 
Rubisco, showed, that the reactivation of Rubisco was still hampered when pH, reductant, 
ATP/ADP ratio, Mg
2+ 
concentrations were kept constant, (107,110). Again, Rubisco is 
stable up to 50 °C (111). Therefore, in vitro, the heat lability within the system is more 
likely due to Rca instability rather than Rubisco, (107,110-112). Also, this signifies the 
role of structural instability in the temperature-related inactivation of Rca. 
Therefore it has been suggested that diminished Rca activity plays a critical role in 
heat-related limitations of net photosynthesis (107).  In vitro, Rca reportedly loses 
ATPase activity at temperatures slightly above the thermal optimum for plant growth 
(107,113), and Rca inactivation was shown to be accompanied by protein aggregation 
(79).  The temperature optimum for ATP hydrolysis was shown to be 8 to 10 °C higher 
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for proteins from warm-climate plants (creosote, cotton and tobacco Rca) compared to 
proteins from cold-climate plants (Antarctic hairgrass and spinach Rca) (Table 4.1) (113).   
Rca becomes inactive after staying at 25°C for several hours in the absence of 
nucleotide, whereas ATP, ADP and ATP-γ-S could protect it from inactivation(81). This 
inactivation is related to molecular aggregation. Correlation of activity with secondary 
structural changes measured by Circular Dichroism (CD) spectroscopy, have shown that 
the loss of ATPase activity was related to changes in secondary structure. Nucleotide 
binding to the Rca active site appears to stabilize the protein, preventing the formation of 
molecular aggregates. In addition, Mg
2+
 has been shown to induce the formation of 
protein aggregates (46). 
Table 4.1.  Comparison of in vitro thermal profiles and natural habitat of higher plant 
Rca proteins (47). 
Rca Protein Maximum 
ATPase 
activity 
(107,113) 
Onset of 
protein de-
naturation 
Natural Habitat 
Climate 
Hairgrass 27° --- Antarctic 
Spinach β 25° --- Northern 
temperate 
Arabidopsis β  ~ 32° Northern 
temperate 
Cotton β 33° ~ 40° Sub-tropical 
Tobacco 35° ~ 40° Tropical 
Creosote β 35° ~ 40° Deserts 
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 In vitro studies involving recombinant A. thaliana Rca demonstrated that 0.5 mM ADP 
provided significant protection against thermal inactivation, an effect that was 
counteracted by Mg
2+
 concentrations that exceed ADP concentrations by 1.5 and 4.5 mM 
(46).   
Here we have determined the thermal stability of cotton and tobacco β-Rca, in 
presence of nucleotide, ATP, ADP, and Mg
2
, using Thermofluor stability assays. 
MATERIALS AND METHODS 
Expression and affinity-purification of 6His-tagged cotton β-Rca and tobacco β-Rca: 
Tobacco and cotton β Rca was expressed and purified as explained in Chapter 2. 
Thermofluor Assay 
All data were collected with an Applied Biosystems ABI Prism 7900HT Sequence 
Detection System. Samples were pipetted into the wells of 384-well polypropylene 
Temp-Plate PCR plates and covered with optically clear seals prior to data acquisition. 
Each well contained 20 L total volume with concentrations of 0.25 mg/mL cotton or 
tobacco -Rca, 25 mM HEPES pH 7.5, 150 mM KCl, and 16X SYPRO Orange 
(Invitrogen, Molecular Probes, Eugene, OR).  For phosphate experiments, the contents of 
the 20 L wells were the same, except that 20 mM K2HPO4/KH2PO4 pH 7.5 was added 
and the KCl concentration was decreased to 110 mM. Prior to distribution into the wells, 
1.05X premixes were made from, in order of addition, Millipore deionized water, 1M 
HEPES pH 7.5, 3 M KCl, 1 M K2HPO4/KH2PO4 pH 7.5 (where necessary), 5 mg/mL 
Cotton -Rca and 300X SYPRO Orange (made by diluting the 5000X stock in DMSO 
with Millipore deionized water). To each well, 19 l of the appropriate 1.05X premix was 
added followed by 1 l of various concentrated stock solutions (e.g. ADP, ATP, MgCl2, 
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etc). All conditions were reproduced in triplicate. Thermal denaturation runs consisted of 
three stages: 1) a fast ramp (~ 0.5 C/sec) from 25 C to 4 C, where the temperature was 
held for two minutes; 2) a slow ramp (~ 0.03 C/sec) from 4 C to 80 C holding for two 
minutes; 3) a fast ramp (~ 0.5 C/sec) down to 4 C. Fluorescence data were collected at 
~ 8.5 second intervals throughout each run. The fluorescence intensity of each sample at 
the protein “melting” transition was roughly approximated using the following equation:  
ITm = B – 1/2(B – A) 
Where, A is the minimum value prior to the fluorescence increase and B is the maximum 
in intensity following the increase. From these fluorescence values, corresponding 
“melting” temperatures were obtained. 
RESULT 
Nucleotide, Magnesium and Phosphate Binding Monitored by the Thermofluor 
Assay 
To assess the effects of nucleotide, Mg
2+
 and phosphate, the thermal stability of cotton β-
Rca was examined by the Thermofluor assay as a function of additives(114).  In this 
assay, the heat-induced exposure of protein hydrophobic groups causes a fluorescence 
increase of the dye SYPRO Orange, until a sharp loss of fluorescence is observed at even 
higher temperatures (Fig 4.1 and 4.2).  Although the determination of thermodynamic 
quantities  cannot be extracted by this method, the Thermofluor assay allows for the rapid 
comparison of apparent Tm values under different buffer conditions.   
ADP-Complexation Increases the Thermal Stability of Rca over ATP-Binding 
Apo-protein preparations of Rca demonstrated a strong increase in fluorescence upon 
heating (Figure 5A-C) with an estimated Tm value of 37.4 ± 0.8 °C for cotton-β Rca 
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(Table 4.2), and 36.9  ± 0.8 °C for tobacco β Rca (Table 4. 3) .  For cotton- β Rca, the 
titration with increasing amounts of ADP caused a continuous increase in the apparent Tm 
up to 50.0 ± 0.4 °C at 8 mM ADP, the highest ADP concentration tested (Figure 1A; 
Table 1).  By contrast, the stability imparted by ATP binding is less significant, as 8 mM 
ATP increased the apparent Tm to only 42.2 ± 0.2 °C. In the case of the tobacco β-Rca  
ADP titration, the Tm increases up to 48.3 ± 0.3 °C, at 4 mM ADP, above this ADP 
concentration, at 8 mM ADP Tm is 46.8 ± 0.3 °C. Also for tobacco β-Rca the increase of 
Tm is more pronounced in presence of ADP than in presence of ATP, in presence of ADP 
the Tm is 7°C higher than in presence of ATP of similar concentration. The difference in 
the relative stabilities of ADP- and ATP-bound Rca proved consistent with previous Kd 
measurements for nucleotide complexation that indicated tighter association of ADP than 
ATP(42), in line with a nucleotide pocket that is particularly well-suited for ADP 
binding, but less so for complexation with ATP.  
Magnesium Increases the Thermal Stability of ATP-bound, but Destabilizes ADP-
Bound Rca 
ATP and (to a lesser degree) ADP are known to associate with Mg
2+
 both in solution, and 
within the active sites of many nucleotide-binding proteins.  Therefore, the apparent Tm 
of cotton β-Rca and tobacco Rca was measured as a function of increasing MgCl2
 
concentrations, and also as a function of increasing ATP and ADP concentrations with a 
constant 1 mM excess of Mg
2+
 over nucleotide.  In the absence of nucleotides, Mg
2+
 
concentrations greater than 2 mM appeared to have a slightly destabilizing effect of about 
1 °C (Table 1 and 2).  However, in the presence of 1 mM ADP, Mg
2+
 destabilized Rca by  
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Table 4.2.Thermofluor data for Cotton β-Rca(47) : 
 
ADP 
(mM) 
ATP 
(mM) 
Mg
2+ 
(mM) 
Pi
*
 
(mM) 
apparent Tm 
(°C + std. dev.) 
--- --- --- --- 37.4 + 0.8 
0.01    38.8 + 0.6 
0.1    43.1 + 0.5 
1    47.6 + 0.2 
2    47.2 + 0.6 
4    49.1 + 0.3 
8    50.0 + 0.4 
 0.01   39.7 + 0.4 
 0.1   41.5 + 0 
 1   42.3 + 0 
 2   42.2 + 0.8 
 4   42.5 + 0.3 
 8   42.2 + 0.2 
  1  37.4 + 0.5 
  2  37.1 + 0.8 
  3  36.7 + 0.3 
  5  36.4 + 0.4 
  9  36.1 + 0.5 
0.01   20 41.2 + 0.2 
0.1   20 44.0 + 0.3 
1   20 49.3 + 0.9 
2   20 48.2 + 0.3 
4   20 49.5 + 0.3 
8   20 49.9 + 0.1 
1  2  41.4 + 0.5 
2  3  44.9 + 0.6 
4  5  46.3 + 0.4 
8  9  47.7 + 0.1 
 1 2  43.6 + 0 
 2 3  44.3 + 0.2 
 4 5  45.2 + 0.3 
 8 9  44.7 + 0.7 
1  2 20 44.0 + 0.2 
2  3 20 45.1 + 0.3 
4  5 20 46.6 + 0.7 
8  9 20 48.5 + 0.2 
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*
Note: 20 mM K2HPO4/KH2PO4 at pH 7.5 (Pi) was included in some of the samples as 
part of the premix before additive addition. In these cases, the KCl content of the 
premixture was lowered to account for the effect of increased ionic strength. 
 
 
Figure 4.1. Thermofluor assays with cotton β Rca. A. ADP titration; B. ATP titration; C. 
MgCl2 titration; D. ADP titration in the presence or absence of 20 mM phosphate (Pi); E. 
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ADP titration with and without1 mM excess of MgCl2 (Mg); F. ATP titration with and 
without 1 mM excess MgCl2. (With permission from reference  (47), page 127) 
 
a striking 6 °C for cotton β Rca, and for 2°C in case of tobacco Rca, whereas in the 
presence of 1 - 4 mM ATP, Mg
2+
 caused mild protein stabilization by about 1.3 – 3.1 °C  
for both the variants.  Hence, the differential Mg
2+
 effect demonstrated a strong 
dependence on the number of phosphates attached to the nucleoside, suggesting that 
electrostatic effects within the nucleotide-binding pocket may play a role in modulating 
stability.  Perhaps the presence of divalent Mg
2+ 
counterbalances the larger negative 
charge associated with bound ATP, thus reducing the loss of stability when ADP is 
replaced with ATP.  The Thermofluor results are consistent with reported Kd values on 
tobacco Rca indicating tighter binding of Mg·ATP than ATP (115).  In the ADP-bound 
state, divalent cations may interact with Rca elsewhere on the protein’s surface, causing a 
loss in stability by facilitating protein aggregation.   
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Table 4.3.Thermofluor data for tobacco Rca: 
 
 ADP 
(mM) 
ATP 
(mM) 
Mg
2+ 
(mM) 
Apparent 
Tm 
°C ± SD 
 0.01   38.6  ± 0.2 
 0.1   40.4  ± 0.2 
 1   45.8  ±  0 
 2   47.5  ± 0.1 
 4   48.3  ± 0.3 
 8   46.8  ± 0.3 
  0.01  38.0  ± 0.4 
  0.1  38.2  ± 0.2 
  1  40.9  ± 0.2 
  2  41.9  ± 0.2 
  4  42.2  ± 0.2 
  8  41.9  ± 0.2 
   1 37.5  ± 0.2 
   2 36.8  ± 0.4 
   3 36.3  ± 0 
   5 36.0  ± 0.2 
   9 35.9  ± 0.1 
 1  2 43.9  ± 0.3 
 2  3 45.6  ± 0.1 
 4  5 44.8  ± 0.4 
 8  9 43.3  ± 0.1 
  1 2 44.1  ± 0.2 
  2 3 44.7 ± 0.3 
  4 5 43.4 ± 0.5 
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Phosphate Increases the Thermal Stability of ADP-Bound Cotton-β-Rca 
The role of phosphate in the thermal stabilization of ADP-bound Rca was tested by 
adding 20 mM KH2PO4/K2HPO4 pH 7.5 to protein titrated with ADP alone or titrated 
with ADP plus a 1 mM excess of Mg
2+
.  In the absence of Mg
2+
, phosphate exerted a 
stabilizing effect on ADP-bound Rca, particularly at lower ADP concentrations (0.01 - 2 
mM).  At the lowest ADP concentration examined (0.01 mM), the increase in Tm 
appeared largest (+ 2.4 °C).  Upon addition of Mg
2+ 
to
 
ADP-bound Rca, protein stability 
was reduced, particularly at 1 mM ADP, the lowest concentration tested (+ 2.6 °C).  
Perhaps phosphate binding to ADP-complexed Rca favors an active site conformation 
identical to that induced by nucleotide hydrolysis prior to phosphate release.  
Alternatively, the stabilizing effect may result from unknown protein-phosphate 
interactions away from the nucleotide binding pocket.  Interestingly, magnesium ions 
appeared to destabilize ADP-bound Rca irrespective of the presence or absence of 
phosphate. 
  8 9 43.7 ±0.7 
Apo - - - 36.9  ± 0.8 
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Figure. 4.2. Thermofluor assays with Tobacco β Rca. A. ADP titration; B. ATP titration; 
C. MgCl2 titration; D. ADP titration with and without1 mM excess of MgCl2 (Mg); E. 
ATP titration with and without 1 mM excess MgCl2 
SUMMARY 
When comparing apparent Tm values measured at 1 mM nucleotide, ± 2 mM Mg
2+
 and ± 
20 mM Pi, the results may be summarized as follows.  ADP stabilizes the apo-protein by 
10 °C, whereas ATP stabilizes the apo-protein by only 5 °C.  Mg
2+
 alone does not modify 
the stability of the apo-protein, however, Mg
2+
 destabilizes the ADP-bound form by 6 °C 
and stabilizes the ATP-bound form by 1 °C.  Pi stabilizes the ADP-bound form by 2 °C, 
and stabilizes the Mg
2+
 and ADP-bound form by 3 °C, thus partially compensating for the 
destabilizing magnesium effect. 
 
Based on these results, we hypothesize that Pi occupies 
the active site adjacent to ADP, whereas Mg
2+
 binds at a remote site on the protein 
surface that is accessible in the ADP-bound but not ATP-bound form of Rca and reduces 
thermal stability. The stabilization/ destabilization tend is similar for tobacco and cotton β 
Rca. 
E 
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DISCUSSION 
Most proteins are stabilized in presence of ligands, such as nucleotides and inorganic 
ions, such as Mg
2+
, Mn
2+ 
etc. These ions can interact with disordered or dynamic protein 
regions and thus stabilize these proteins. To rapidly screen Rca complexation with 
nucleotides, magnesium and phosphate ions, the Thermofluor assay was employed. 
Consistent with previously reported affinity studies (42,116), ADP was found to provide 
greater thermal stabilization than ATP.  In contrast, Mg
2+
 had an overall destabilizing 
effect, both in the absence of nucleotides and in the presence of ADP, but appeared to be 
weakly stabilizing when paired with ATP.  A likely explanation for this effect is an 
electrostatic balancing of the binding pocket upon Mg
2+
 complexation to the β- and γ- 
phosphoryl groups of ATP.  In contrast, when ATP is absent, excess divalent cations may 
bind elsewhere on the acidic protein surface and induce non-specific protein aggregation.  
Notably, phosphate in the presence of low ADP concentrations demonstrated a weakly 
stabilizing effect, consistent with the formation of the product complex ADP·Pi in the 
active site.  
Rca from species originating from different climate zones has different temperature 
optima for ATP hydrolysis. From CD experiments, we found the melting temperature Tm 
for cotton and tobacco β-Rca to be 45°C, in presence of 0.1 mM ADP and 50 mM 
Phosphate buffer. The Thermofluor experiment also gave Tm of 44 °C in presence of 0.1 
mM ADP and 20 mM Pi. The ligands have a similar stabilization trend for both cotton-β 
and tobacco β-Rca. But cotton β-Rca was still more stabilized in presence of ADP –Mg 
and ATP-Mg than tobacco β-Rca. For tobacco β-Rca, at a higher nucleotide 
concentration (8 mM ADP and ATP) we see little destabilization relative to the 4 mM 
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nucleotide condition, which we do not observe in cotton. Whereas in presence of 2 mM 
ATPγS cotton has an apparent Tm of 44.4 ± 0.2 °C and that of tobacco is almost similar 
(43.9 °C, n=2), and also their apparent Tm is similar in presence of 2 mM ATPγS and 5 
mM Mg
2+
. This indicates that there is no substantial difference in the nucleotide –Rca 
interaction between cotton and tobacco. 
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CHAPTER 5 
DISCUSSION 
The aim of this research is to improve our understanding of the molecular mechanism of 
the AAA+ motor protein Rca. In spite of being a member of classic clade of AAA+ 
proteins, Rca is characteristically different from other members, like the PAN ATPase 
and ClpX in terms of size polydispersity. Based on sequence identity, the closest 
members are the ClpA AAA+ D2 domain (15% identity with tobacco β Rca AAA+ 
domain), FtsH (14%) and ClpX (10%).  
We have developed an enzyme assay to measure the continuous Pi release by Rca, using 
the Enzhcheck Phosphate assay kit, which has illuminated the effect of ADP on the 
catalytic mechanism of Rca. This assay, unlike the spectrophotometric ADP assay does 
not replenish ATP and is less complicated in terms of regulation. In contrast, in the ADP 
measurement assay the pyruvate kinase, in the coupled enzymatic steps, is regulated by 
feedback inhibition of ATP  (117). The simple chemical steps and the requirement for an 
assay which can measure the regulation of ADP was the motivation behind the 
development of the MESG assay. This assay gives catalytic parameters essentially similar 
to the spectrophotometric enzyme coupled ADP measurement assay. 
Catalytic Parameters, Cooperativity and Asymmmetry 
Multiple experiments performed in the absence of added ADP gave the catalytic 
parameters kcat, KM and the Hill coefficient (nH). The kcat changed from 15-30 min
-1
, 
indicating the variation of active protein fractions in different protein pools. An assay 
could not be repeated twice with a single protein preparation, due to the limitation of 
protein yield. The Hill coefficient of one indicated that Rca behaves in a non-cooperative 
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manner in the absence of ADP. In the presence of 132 μM ADP, we obtained nH = 2 , 
which indicated the existence of at least two functional classes of subunits. This is in line 
with other AAA+ proteins, like ClpX, which have two different classes of nucleotide 
binding subunits: tight binding, weak binding, and another class of subunit that do not 
bind  nucleotide, the empty subunit.  Different classes of subunits suggest asymmetry in 
the hexameric ring. This asymmetry could be functionally relevant for the Rubisco 
reactivation model as Rubisco has a four-fold (side–on) and two fold (top-on) symmetry; 
whereas hexameric Rca might have six-fold symmetry. The Hill coefficient of 2 indicated 
that Rca does not work in a concerted mechanism, in which one would expect to observe 
a Hill coefficient close to the stoichiometry of the protein, in this case 6. In a sequential 
mechanism, the subunits of a multimeric ring bind and hydrolyze ATP in sequential 
manner along the ring, so any event of inhibitor binding or improper substrate binding 
(improperly unfolded protein, in case of proteases) would stall the machinery for a while, 
requiring the machinery to reset before starting a new productive cycle, as observed in 
the case of the F1 ATPase (30). Since we do not observe this with Rca, we suggest that 
the machinery works by a stochastic mechanism, where the reset does not occur if ADP is 
added. However, more data is required to confirm this hypothesis.  
Regulation of Rca by ATP/ADP ratio and Mg
2+ 
The simulations performed with constant total nucleotide and variable ratio of ATP to 
ADP showed a smooth change in the initial velocity instead of an on – off step function, 
which indicates an incremental regulation by the stromal ATP/ADP ratio, although thus 
far the actual free nucleotide concentration in chloroplast stroma and how it changes 
under different physiological conditions is a matter of speculation.  
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Another important regulatory factor, Mg
2+
concentration, controls the regulation of 
Rubisco reactivation in two different levels, by regulating the carbamylation of the 
catalytic lysine, and by affecting the Rca activity. We have observed a Mg
2+ 
effect on Rca 
in terms of stability, ATP hydrolysis and oligomerization.  Our data are consistent with a 
secondary protein based Mg
2+ 
binding site which contributes to the additional regulation 
by Mg
2+
. The binding of extra Mg
2+ 
increases the catalytic efficiency eight-fold. 
ATPase Activity and Oligomerization 
We observed that ATPase activity follows a trend similar to the dimer fraction, as 
measured by FCS, suggesting that the dimer is the most active oligomeric species. This 
hypothesis is supported by the work of another group (77). The decrease in Rca activity 
may be linked to the difficulty of coordination of the large scale domain motion in a 
multisubunit oligomer. Also, the positive cooperativity indicates coordination between 
the subunits in a higher order oligomer. This effect might be an important regulatory 
mechanism in the chloroplast stroma, where the concentration of Rca is ~100 μM. For 
example, in vitro, this concentration appears to promote formation of higher-order 
oligomers. Therefore, it might be reasonably asserted that the crowded stroma influences 
the Rca assembly states and prevents spurious ATP hydrolysis. 
Energy Requirement for Rubisco Reactivation 
Unfortunately, based on our current data we still cannot say how much energy is utilized 
for Rubisco reactivation, as we do not know the binding stoichiometry of Rca. 
Furthermore, in the current experimental set up, Rca turns over ATP at the same rate 
irrespective of the presence of Rubisco and its state of activation. Therefore we could not 
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estimate the energy requirement for Rubisco reactivation with our current knowledge in 
this field. 
Ligand Induced Thermal Stability 
ADP stabilizes Rca in terms of its melting temperature more than ATP, whereas Mg
2+ 
has 
a destabilizing effect.  Although Mg
2+
 in coordination with ATP increase Rca stability, in 
coordination with ADP it has a slightly destabilizing affect both for tobacco and cotton β 
Rca. 
Previously, oligomerization has been connected to thermal stability, for example, spinach 
α-Rca in presence of ATPγS forms hexamers, and hexamer formation was seen to be 
connected to thermal stabilization (48). Since Mg
2+–ATP supports closed ring hexamer 
formation, whereas Mg
2+
-ADP supports the formation of spiral supramolecular 
aggregates for cotton β-Rca, the stabilizing effect by Mg2+-ATP in relative to Mg2+ - ADP 
correlates hexamer formation with thermal stability. 
In summary, we can say that our data are consistent with an allosteric regulatory 
mechanism that is controlled by Mg
2+
 concentration, ATP/ADP ratio, and subunit 
concentration in terms of ATPase activity, oligomerization and thermal stability. 
Perspective 
One of the most important concerns of my work was the deviation in kcat for different 
protein preparations. Using 18 different protein preparations the kcat we obtained was 
20.7 ± 4.7 min
-1
. The kcat values varied from 13 min
-1
 to 30 min
-1
 under different 
nucleotide and magnesium concentrations at 5μM Rca concentration. The deviation in 
kcat can be attributed to different factors, for example the error in protein concentration 
determination, the reproducibility of the MESG assay standard curve, purity of the 
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protein preparation, variability of activity with varying Rca concentration and 
polydispersity. Here we have determined the protein concentrations with the Bradford 
assay, which gave an error of 10-11%, when performed in different days, with the same 
protein pool. The variation in the slope of the MESG assay standard curve was 6% (n 
=7).  Difference in purity from different protein preparations could have also caused the 
deviation of activity. The following three representative SDS PAGE gels (Fig 5.1 A, B, 
C) give an idea of the difference of protein qualities from three different preparations, 
using the same purification protocol. Lanes marked as pooled protein; indicate the quality 
of the protein used in different experiments.  Another important factor might be the 
change of activity with small change of protein concentration which we observed in 
Figure 3.3. The change in concentration from 1.5 μM to 2.5 μM, changes the initial rate 
from 48.1 min
-1 
to 25.6 min
-1
. This might be an effect of oligomeric species distribution, 
which varies with changing Rca concentration. Thus, the complexity of the system makes 
it difficult to analyze the mechanism of Rca function.  
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Figure 5.1. A, B, C. Representative SDS PAGE images of three different protein 
preparations. The “final pool” represents the protein quality of the preparations, used for 
different kinetic experiments.  
B 
C 
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Inhibition kinetics: In the study of ADP inhibition, the highest average Hill coefficient 
we observed was 2.1 under experimental conditions we tested so far (5 μM Rca, 0.132 
mM ADP and 5 mM free Mg
2+
). According to a recent publication (52), 5 μM tobacco 
Rca contains predominantly hexameric species. But it may also contain smaller 
oligomeric species such as monomers and dimers. Since monomeric species cannot have 
any positive cooperativity, there is a possibility that we are underestimating the degree of 
cooperativity. Repetition of the inhibition study at a lower (~1 μM) Rca concentration 
should give a lower Hill coefficient, irrespective of the presence of ADP.  Whereas, the 
inhibition studies with R294V mutant might give more appropriate estimation of 
cooperativity in a hexameric species. 
We also observed another interesting effect in the inhibition study, for example, if we 
look at the kcat values as a function of ADP concentration (Fig 2.2A, Table 2.2 A), we 
observe that with an increasing ADP concentration kcat increases upto 112 μM ADP, but 
at 132 μM ADP, we observed a decrease. Since we have observed a variation of kcat of 
the same extent even in absence of ADP, this might not indicate any significant ADP 
effect. To evaluate this in detail, we plotted the catalytic efficiency as a function of ADP 
concentration (Fig 2.2 C) and see a little different effect. There is a decrease in catalytic 
efficiency from zero to 40 μM ADP, then a small increase after 40 μM Rca concentration 
until 112 μM, but then again it decreases. Since the percentage standard deviation of the 
catalytic efficiency (14 -22%) is similar to the percentage increase of catalytic efficiency 
as a function of ADP, this activation may not be an actual effect. To determine this 
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conclusively, we need to perform more experiments with different ADP concentrations 
ranging between 40 μM and132 μM ADP concentrations. 
In our kinetic experiments, in the absence of an additional ADP, we have assumed the 
concentration of ADP is negligible. In the future, the fitting the data with a model where 
contamination of the product can be taken into consideration might be more appropriate 
for this experiment. 
FUTURE DIRECTION 
How the Rubisco reactivation activity correlates with ATPase activity of Rca? 
Since we observe a large fluctuation in the kcat of Rca ATP turnover, it would be 
interesting to find out how much this variation changes in the Rubisco reactivation 
activity.  
Also, we need to perform Rubisco reactivation activity assays at different Rca 
concentrations to see if we observe the same trend of activity as observe with ATPase 
activity (Fig 3.3). 
Additionally we need to see the effect of ADP on Rubisco reactivation. 
Does the presence of Rubisco change the catalytic parameters? 
So far we have only studied the effect of Rubisco on Rca ATP turnover at a single ATP 
concentration, and did not observe any effect on it. In the future, we need to perform the 
inhibition study in the presence of Rubisco. This will tell us if any interaction with 
Rubisco can change the cooperative behavior of Rca.  
What is the energy requirement of Rubisco reactivation?  
Rca turns over ATP irrespective of the presence of Rubisco. Therefore, it is very difficult 
to estimate the ATP requirement for Rubisco reactivation. To investigate that, first, we 
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need to measure the Rubisco activity, in absence of Rca, and observe how long it takes 
for it to get inhibited, and how many molecules of CO2 it can fix before it gets inhibited, 
which will give the rate of inhibition. Then we can add Rca and ATP at a very low 
concentration, and again measure the activity of Rubisco, to determine the total time it 
needs to regain its complete activity. We will perform another experiment in a similar 
manner, but this time, we will measure the ATPase activity. We will measure this activity 
for the same time period as was needed for Rubisco to regain its full activity. This will 
tell us how many molecules of ATP are needed for Rubisco reactivation. 
We can perform similar experiments with different sugar phosphate inhibitors such as 
CABP. First we need to know the extent of inhibition for a particular CABP 
concentration. We will measure the rate of inactivation first, then add Rca and ATP and 
measure the Rubisco activity at different time points to see how long it takes to regain 
activity. We need to perform a titration of CABP, where ATP requirement for complete 
reactivation of Rubisco will be measured for each CABP concentration. These 
preliminary experiments will provide us answers for the energy requirements of Rubisco 
reactivation and will lay the groundwork for answering more detailed information in the 
future. 
Do the kinetic properties of Rca change when we have monodisperse hexameric 
species? 
Evaluating the molecular mechanism of Rca is a very difficult task due to its 
polydispersity. Here we have performed most of our experiments at 5 μM Rca 
concentration, which might contain different oligomeric species. Although in a recent 
publication the authors have shown that in a 5 μM tobacco Rca sample the hexameric 
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species predominate. Since most of the recent research of Rca indicates that Rca function 
in a hexameric stoichiometry in the chloroplast stoma, we will be able to evaluate its 
mechanism more conclusively if we could have a stable hexameric species. For this, we 
can use the mutant R294V, which forms hexameric species in presence of ATPγS. Also, 
we can make a construct which can express 6 monomeric units linked by peptide linkers. 
The expression of an almost 300 kD protein will be a difficult task. For example the 
linked Rca may not fold properly in cell, which might result in its aggregation. Previously 
similar work has been done using this approach for other AAA+ proteins 
(26,27,118,119), therefore, this might be an achievable task. Once we are able to express 
and purify the hexameric construct we need to compare the activity of this Rca6 construct 
with Rca without linker (our presently used protein) and R294V construct. Optimization 
of the expression purification and performance of activity studies with this construct will 
give us important mechanistic information of Rca. 
How many subunits of Rca bind to nucleotide? 
Since we do not have any nucleotide bound hexameric structures of Rca, we do not know 
the stoichiometry of nucleotide binding of Rca. To evaluate this, we can use the Rca6 
construct and use radioactive non-hydrolyzable nucleotides, to quantitate the bound 
nucleotide at any instance. We can also use Isothermal titration calorimetry (ITC) for this 
study 
Do all six subunits hydrolyze ATP? 
To answer this question, we will need to purify many constructs of Rca6, where some 
mutant subunits, unable to bind/hydrolyze ATP, will be linked to the other WT functional 
subunits. These constructs might be: WWMMWW, WWMWWM, where W stands for a 
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wild type subunit and M stands for a mutant without the capacity of ATP binding or 
hydrolysis. 
Next, we will need to measure their ATPase activity and Rubisco reactivation activity 
(spectrophotometric assay). If we again see comparable activity with WWWWWW 
construct and WWMWWM, then we can say that there are four nucleotide binding 
subunit and two nonbinding subunits.  
Is there any asymmetry for nucleotide binding? 
To investigate if Rca has two different classes of subunit more in detail, we need to 
design a construct of mmmmmm or (m6), where all the subunits will be capable of 
nucleotide binding but unable to hydrolyze it (We can use R244A, R241A mutant for this 
work(34)). With this construct we need to perform nucleotide dissociation studies using 
32
P – ATP, mant-ADP, mant-ATP and unlabeled ATP. The dissociation kinetics will 
indicate if there are different classes nucleotide binding subunits, for example, if the 
dissociation kinetics shows a bi-phasic behavior, it will indicate presence of two different 
classes of nucleotide binding subunits as previously shown with ClpX (27). 
Does Rca work in sequential or probabilistic order? 
 The relative capabilities of different constructs to reactivate Rubisco will give us 
mechanistic details. For example, if we observe reactivation activity with the 
WMWMWM construct, it will indicate that the protein works in a non-sequential 
mechanism, since for a sequential mechanism, all the subunits need to bind and then 
hydrolyze nucleotides sequentially; any interruption in that order should stall the 
machinery.  
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